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SUMMARY 

The paper gives a general survey of the present stage of 
development of power rectifiers. Recent innovations in the 
design of rectifier types are described, and some of the 
limitations are discussed. 

The subject matter mainly concerns rectifiers of the 
mercury-arc type, including water-cooled rectifiers, glass-bulb 
rectifiers, pumpless air-cooled steel-tank rectifiers, and igniter 
types. These various rectifiers represent a voltage range 
from 200 volts to 50 kV (d.c.), and currents up to about 
10 000 amperes. Reference is also made to some of the 
leading non-vacuum rectifiers, such as jet-wave rectifiers, 
gas-cooled arc types, and electrolytic and mechanical types. 
Most of these are still in course of development, and an 
indication of the progress achieved is given. The more direct 
methods of controlling the output of the mercury-arc rectifiers 
by means of control grids are mentioned, and in this connec¬ 
tion voltage regulation, inversion, and arc suppression, are 
discussed. 

General features of rectifier equipment are considered, 
together with some aspects of rectifier auxiliaries. The scope 
and performance of rectifier installations are also indicated, 
special reference being made to railway electrification, high- 
voltage working, and the applications of grid control. 

Finally, some suggestion of the possible trend of future 
developments is given. 


CONTENTS 

(1) Introduction. 

(2) Classification of Rectifier Types. 

(3) Commercial Designs and their Auxiliaries. 

(4) Experimental Types. 

(5) Grid Control. 

(6) Considerations of Rectifier Equipment. 

(7) Scope and Performance of Rectifier Installations. 

(8) Conclusions. 

(1) INTRODUCTION 

The introduction of the arc rectifier into power 
engineering may be considered to mark the beginning of 
a new stage in electrical development. Not only has 
the engineer had to extend the scope of his technical 
knowledge to include a field of electron phenomena 
hitherto regarded as subject matter for the physicist, 
but he has also had to adapt to engineering practice 
much of the vacuum technique of the physical laboratory. 

The steady progress of rectifier installations during the 
last 20 years is indicative of the effective manner in 
which the new knowledge has been applied. Some 
outstanding assets of the rectifier are its static nature, 
robust construction, efficiency, and low cost. The extent 
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to which these factors have influenced the selection of 
rectifier converting plant can be seen from the growth of 
installed rectifier kW during recent years. This demand 
has been steady and progressive and shows no immediate 
signs of diminution; over 4 million kW of rectifier plant 
is in operation throughout the world. 

With a preponderance of installed rectifier plant, 
competition ceases to be between rectifier and rotating 
machinery, and is now between different types and 
makes of rectifier. From the technical standpoint every 
detail needs consideration; the reliability, efficiency, and 
manufacturing costs, have only very narrow margins in 
which further improvements can be effected, so that for 
any given application the merits and suitability of the 
rectifier equipment as a whole require careful study. 

With one or two exceptions, recent progress in rectifier 
practice has been by way of improvement and simplifica¬ 
tion of existing types, rather than the result of innova¬ 
tions. It is true that novel principles have been applied 
in connection with the more experimental equipments, 
though some years may elapse before they become 
adopted in practice. 

The objects of the present paper are, to give a general 
account of the more notable developments in connection 
with rectifiers, and to discuss the scope of the available 
types of rectifier plant in relation to present-day 
requirements. 

(2) CLASSIFICATION OF RECTIFIER TYPES 

To appreciate the present position, it must be recog¬ 
nized that at the moment power rectifiers are divided 
into two main groups:— 

{a) Vacuum, or more strictly low-pressure vapour, 
apparatus. 

(b) Non-vacuum types. 

By far the greater amount of the installed equipment 
is of the vacuum type, but much active experimental 
work is being carried out on alternative forms of rectifier. 
It is by no means certain that the present a lm ost 
exclusive use of vacuum equipment will persist in¬ 
definitely in the future. On the other hand, it must be 
admitted that the position of the mercury-arc rectifier 
is an extremely strong one. 

Power rectifiers of the first group are all of the 
mercury-vapour type, and are met with in several 
forms:— 

(i) Hot-cathode rectifiers. 

(ii) Air-cooled mercury-pool types. 

(iii) Water-cooled mercury-pool types. 

(iv) Igniter types. 
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51;. first group favours either glass or glass-and-metal 
construction of the vacuum vessel; the second all-glass 
or all-metal. All-metal is preferred in the third group, 
while the igniter can be either of glass or of metal 
construction. Of these different groups, the air-cooled 
all-metal design and the igniter types represent the most 
recent progress in their respective fields. An attractive 
feature of the mercury-vapour device is the possibilities 
of so-called grid control. This is dealt with in a sub¬ 
sequent Section, but it may be mentioned in passing 
that this has been applied in the first three groups with 
the object of retarding the striking of the power arc in 
the rectifier until a desired moment in each half-cycle. 
Ihe igniter type, however, embodies the reverse process, 
and positive means are taken to ignite the arc at the 
desired moment with respect to the a.c. wave. 

In general the common-cathode types classified under 
the second and third headings are more particu lar ly 
suitable for continuous heavy-current working, but as a 
result of the voltage/current characteristic the mainten¬ 
ance of the cathode spot at light-load periods has to be 
assisted by auxiliary anodes. There are many instances 
where the various types overlap in their working range 
and may be regarded as competitive. 

Considering now the non-vacuum types, these may be 
listed as follows:—* 


(i) Mercury-jet apparatus, 

(ii) Gas-cooled arc types. 

(iii) Hydrionic convertors. 

(iv) Mechanical rectifiers. 


Most of the non-vacuum rectifiers are merely syn¬ 
chronous interruptors and are free from polarity limita¬ 
tions, but generally involve numerous auxiliaries or 
rapidly-moving parts. On the whole their efficiency, 
reliability, and economy, are lower than those of the 
mercury-vapour devices. 

It has been found possible in most of the non-vacuum 
rectifiers to produce the analogous efFect to " grid 
control ” featured in the mercury-arc rectifiers. The 
action is usually of a positive type, since the initiation 
of the conducting period is dependent upon auxiliary 
means and not upon removal of the screening effect of 
the grid. It is only necessary to advance or retard the 
timing of the auxiliary ignition device to produce the 
corresponding change at starting of the conducting period 
in the working portion of the cycle. The mechanical 
inertia associated with the moving parts of these types 
of rectifier does tend to produce commutation difficulties, 
especially when inverted operation is attempted. Partly 
for this reason the application of an auxiliary supply 
to give so-called harmonic commutation has been put 
forward in several instances. 


(3) COMMERCIAL DESIGNS AND THEIR 
AUXILIARIES 

Hot-Cathode Rectifiers 

Although fundamentally it is easier to obtain very 
heavy currents from a mercury-pool cathode, technical 
advances have made it possible to make hot-cathode 


ea l iin “' perhaps include copper-oxide rectifiers, 

Willed m sufficient aggregate can give a large power output'- to keeo the naner 


rectifiers for outputs up to 275 amperes at 7 500 volts! 
At the other end of the scale, hot-cathode rectifiers have 
been produced for X-ray applications which have outputs 
of several hundred milliamperes at 100 000 volts. 

The most common use at the moment is for anode 
supplies in wireless stations, and for such work there is 
a series of rectifiers giving an output of 1 000 volts, 
500 milliamperes, up to 20 000 volts, 20 amperes. There 
are several sets in operation at various radio stations 
delivering about 10 kV, 10 amperes, from a 3-phase 
full-wave circuit. The reliability of such equipments 
can be very high, arc-backs being met only at the end 
of life and the lives being of the order of 4 000 to 
10 000 hours. 

These rectifiers almost invariably employ oxide 
cathodes, owing to their great efficiency. The power 
taken by the cathodes varies considerably between 
different makers, but generally speaking a 3-phase full- 
wave equipment having an output of 12 amperes at 10 000 
to 20 000 volts will have a total cathode power of about 
600 watts. As is generally known, the anode-cathode 
drop when current is passing is about 8 to 14 volts. 

Thus it is clear that such equipments have very high 
efficiencies. 

Since the valves depend for their operation upon the 
presence of mercury, it is not surprising that they must 
be operated between certain limits of mercury pressure. 
Since the space within the valve is saturated with vapour 
from a quantity of liquid mercury, the mercury pressure 
depends on the temperature of the coldest part of the 
valve. 

For the small tubes the temperature range is wide 
and no special precautions are needed in temperate 
climates. In the larger tubes, the range is often narrower 
than the temperature range of the enclosure in which 
they operate. In such cases temperature control must 
be employed, and this often consists of a system of air 
blasts directed at the base of the rectifiers. 

The air is maintained at the required temperature by 
a thermostat and heater. 

This type of valve can also be made with the anode 
system not exposed but completely enclosed in a glass 
vacuum vessel, but such valves are entirely dependent 
upon radiation for the dissipation of the anode losses, 
for the rating of the valves is correspondingly reduced. 
Mention might be made at this stage of a very interes tin g 
all-metal hot-cathode rectifier, designed for an output of 
600 amperes at low voltage, but although this was brought 
out a year or two ago the line of development does not 
appear to have been continued. 

. Mercury-Arc Rectifiers 

Notwithstanding the large number of mercury-pool- 
type rectifiers produced in recent years and the wide 
experience gained, the production of a successful design 
is a matter of compromise between the different variables 
involved. 

Recent tendencies in the development of mercury- 
arc rectifiers are to extend the upper limits of voltage in 
the few cases where the demand exists, to render grid 
control as effective as possible, and to make further use 
of air cooling. The general trend of application is in 
the direction of operating convenient-sized units in 
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parallel rather than employing large single units with 
numerous anodes. It is true that in certain cases 
rectifiers with 18 or more anodes are used, but this is 
done rather with a view to reducing the intensity of the 
anode loading than to obtain an enormous output from 
a single cylinder. The reasons for this will be discussed 
later. 

In the smaller sizes of rectifiers it has been found 
possible to dispense with a number of the auxiliaries, so 
that where conditions of space are limited the grouping 
of small units is often preferred to a more elaborate unit 
of large output. Thus, even in connection with fairly 
large-capacity substations, the air-cooled rectifiers are 
not without significance. 

The air-cooled mercury-pool-type rectifier is manu¬ 
factured both in the glass-bulb and the steel-tank forms. 
Completely sealed-off commercial rectifiers of the latter 
type are made in this country, and various foreign firms 
supply a limited range of air-cooled rectifiers fitted with 
the usual vacuum pumps. 

Glass-Bulb Types 

The glass-bulb mercury-arc rectifier has few auxiliaries, 
and the usual method of suspension is in steel cubicles. 
Various attempts have been made to increase the current 
output of these rectifiers, and attention has been directed 
to the theories underlying their design. To meet tem¬ 
perature requirements, heat-resisting kinds of glass are 
used, the various glasses having softening points from 
650° C. to 1 100° C. and a coefficient of expansion of 
140 x 10~ 7 per deg. C.; molybdenum anode-connections 
are fused through the glass. The anodes of a rectifier tend 
to reach a high temperature, and cooling of the glass 
anode-arms has received special study, but their diameter 
of cross-section is limited by de-ionization considerations. 
It has also been shown that internal cooling can increase 
the output of these rectifiers. This is not a practicable 
solution, and recourse has had to be made to improved fan 
design. The power to drive the fan, even for the largest 
sizes, does not exceed 1 kW, and in a given case the appli¬ 
cation of a fan increased the bulb output by 150 per cent. 
Improved ventilation has made units of 500 amperes d.c. 
output possible, while experimental units have even been 
loaded to 1 000 amperes. Despite these facts, however, 
the general policy appears to be that of de-rating the 
bulbs to more modest outputs for the sake of reliability. 
A mean current of 200 amperes per anode has been 
suggested as a safe working value. 

Tests have shown that there is a useful limit to the 
size and height of dome for a given cathode area, the 
leading dimensions of a 400-ampere bulb being cathode 
diameter 14 cm., dome diameter 47*5 cm., and height 
85 • 5 cm. The glass construction makes the attachment 
of additional cooling devices, such as radiators, baffles, 
etc., costly, whilst the imploding atmospheric load 
constrains the designs to spheroidal forms with a low 
surface/volume ratio. As the units are comparatively 
cheap, however, the economic policy is to add an extra 
bulb in parallel, rather than to elaborate the units to 
increase their output. The units are generally con¬ 
structed with 6 anode-arms and with control grids, if 
required. 

In the event of very large power outputs being 


required, it is necessary to arrange for a sufficient 
number of glass-bulb units to be mounted in parallel, 
and substation capacities up to 6 500 kW have been thus 
obtained. 

Another line of glass-bulb development is in the high- 
voltage field, where these rectifiers have been made to 
operate at voltages up to 20 kV. This implies a reverse 
voltage of about 40 kV and calls for special arrangement 
of the grids in front of the anodes and a lengthening of 
the anode arms. The current rating of the rectifier is 
reduced to about 10 amperes, and the practice is to 
arrange 9 arms in each bulb, 6 of these being in use at 
any one time. Each anode consists of a short rod and 
is terminated with suitable electrostatic shields to meet 
the high-voltage conditions. 

Mention might be made at this stage of one feature of 
the completely sealed-off rectifiers of the mercury-pool 
type where considerable ingenuity has been expended, 
namely the igniting of the rectifiers. To start a rectifier 
and to enable its auxiliary anode to pick up current, it 
is necessary to produce an electron-emitting region on 
the surface of the mercury-pool cathode with the aid of 
some form of electric discharge. The criteria of a 
suitable device for this purpose are that it shall be rapid 
and effective in action, without putting undue strain on 
the glass. Several methods have been developed from 
time to time, and amongst those which have survived 
and remain in use are:— 

(i) Making use of a local circuit formed actually with 
the mercury, and introducing a heavy current in 
the circuit to break it under the combined action 
of fusing and pinch effect. 

(ii) Introducing vertical motion in a small column of 
mercury to make momentary contact with an 
energized ignition electrode. 

(iii) Using a bimetal strip which is heated and deflects. 

(iv) Using an external solenoid coil to operate a flexible 
dipping electrode. 

Steel-Tank Air-Cooled Rectifiers 

The lower economic limit for the water-cooled steel- 
tank rectifier is about 1 000 amperes. It was recognized 
that if the efficiency could be maintained and the number 
of auxiliaries reduced, the steel tank would fulfil many 
applications for currents of the order of 500 amperes. 

Commercial rectifiers of the air-cooled pattern with 
pumps have been produced in a very compact arrange¬ 
ment, but the general design adopted resulted in the 
current range in this rectifier being only about 170 to 
400 amperes.* To save space the vacuum pumping gear 
is mounted on the same bedplate as the rectifier, but 
underneath the cylinder. A system of ducting constrains 
the cooling air to the walls of the cylinder. 

Pumpless Rectifiers f 

Attempts have been made over a number of years to 
produce a successful steel-tank rectifier that would not 
require pumping at intervals during its life. The early 
efforts failed, largely on account of welding difficulties 

* Brown Boveri Review , 1936, vol. 23, p. 150. 

A. Siemens and A. Bower: ** Small Steel-Tank Mercury-Arc Rectifiers with 
Air-cooling," Siemens Zeitschrift , 1937, No. 17, p. 525. 

t H. W. Richardson: “ Electrical Progress and Development—Mercury-Arc 
Rectifiers,” G . E . C . Journal , 1936, vol. 7, p. 7. 
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and because of the absence of leakage-testing methods 
which could be used under ordinary manufacturing 
conditions. With improvements in welding, and in 
particular the development of the atomic-hydrogen 
welding process, coupled with a better understanding of 
the diffusion of gases through metal containers, it became 
possible to construct perfectly vacuum-tight vessels. 

The problem of anode and cathode insulation had 
already been solved with the development of the vitreous- 
enamel seal (see Fig. 1), and the fitting of a suitable 
vacuum-tight sealing device rendered the all-metal 
pumpless rectifier a practical proposition. In order to 
determine whether the continuous “ cleaning up ” process 
resulting from the arc was essential to the effective 
working of the pumpless rectifier, one of the vessels was 
sealed off and operated after long intervals over a period 
of two years. No deterioration of the vacuum was 
found, so that the rectifiers are perfectly suitable for 
working where intermittent loading is lik ely. 

The general arrangement of the pumpless unit is shown 
in Fig. 2. The unit consists of a central dome around 


.Anode connection 
Witreous enamel seal 

Insulator shield 



.Graphite anode 
Side arm 


Vitreous connection 

Control grid 

Fig. 1 .— Victric seal assembly for grid control of pumpless 

rectifier. 


which are arranged the anode arms and the auxiliary 
ignition anodes. As the result of the adoption of the 
side-arm construction with arm temperatures of over 
200° C., a very effective dissipation of heat from the 
anodes can be obtained, thus permitting a high rating 
of the rectifier. The all-metal construction makes for 
robustness and ability to withstand mechanical shock, 
which is fully borne out in practice. In addition to this! 
it permits the oblate dome construction with a large 
surface/volume ratio, facilitates the external attachment 
of radiators and air baffles, and renders possible the 
provision of internal cooling ducts if required. Thus 
with the pumpless steel-tank rectifier it does become 
economic to increase the rating per cylinder and so 
obtain an increased output per unit floor area. To effect 
the necessary dissipation of heat from the walls of the 
vessel, use is made of a system of ducting through which 
cooling air is forced under pressure of a fan. The power 
dissipated varies over the active portion of the surface 
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Fig. 2.—-Arrangement of pumpless air-cooled steel-tank 
rectifier (600 volts, 550 amp,), 

from 2 to 6 watts per square inch of cooling area, and 
recent improvements have resulted in a more simple, yet 
equally effective, arrangement of air ducting. Because 
of the absence of heavy metal parts and cooling liquid, 
the air-cooled rectifier soon reaches its normal working 
temperature, perfectly reliable starting being obtainable 
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Fig. 3. Typical arrangement of air-cooled rectifier in cubicle. 
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from 3° C. The initial striking of the arc is effected by 
locally lowering the surface of the mercury with a 
solenoid-operated cup so as to break contact with a fixed 
ignition electrode. 

Rectifiers in the typical cubicle arrangement shown in 
Fig. 3 have been supplied in large numbers and various 
sizes, with and without grid control, for current outputs 
from 250 to 750 amperes, while outputs of 1 000 amperes 
have been obtained under test conditions. As a further 
test a 20 000-ampere short-circuit was applied to one of 
these units without ill-effects. The fan and the auxiliary 
ignition constitute the only auxiliary power demand of 
this type of rectifier, so that its overall efficiency is very 
high. Most of the pumpless rectifiers are in service at 
d.c. voltages of about 500 volts, but the units have been 
proved suitable for operation at 3 000 volts if required. 
Incidentally, it is possible to obtain an output of 
1 500 kW at I 500 volts, using only two cylinders in 
parallel. The question of still higher working voltages 
is merely one of lengthening the anode insulators to suit 
the new conditions. 

Steel-Tank Water-cooled Types* 

There have been few changes in recent years in 
connection with steel-tank water-cooled rectifiers, but 
passing reference will be made to some of the leading 
features. 

The whole of the working parts of the rectifier are 
enclosed within the vacuum vessel, the internally situated 
anodes being screened from one another by cowls which 
may be either connected to the tank or insulated there¬ 
from, Improvements and compromise in design and 
proportioning of the cowls have made possible reliable 
operation over a wide temperature range down to 5° C. 
At the other end of the scale, internal water-cooling coils 
are often used to facilitate the dissipation of heat from 
the rectifier. Their application is directed more to 
permitting an increased output from a standard size of 
tank so as to avoid having to introduce too many tank 
sizes to cover the usual range of specifications. By way 
of example, a unit nominally rated at, say, 1 500 kW 
can be loaded up to 2 000 kW by this means. 

Certain corrosion problems have been encountered in 
water-cooled rectifiers, and because of “ pin-hole ” effects 
and stray currents the usual anti-corrosive coatings 
have not been entirely successful. Where conditions are 
serious, the introduction' of metallic salts such as di¬ 
chromates is advocated. When dissolved in the cooling 
water these induce a passive state at any exposed iron 
surface, thus limiting leakage currents. 

The outstanding differences in construction of the 
various makes of water-cooled rectifier are the methods 
of sealing-off the current leads, the means of anode 
cooling, and the design of the grids. Seals used in 
connection with mercury-arc rectifiers may be divided 
into two groups, one consisting of the seals which also 
serve as insulators, the other comprising the mechanical 
seals having a length of porcelain tube for insulating 
purposes. Examples of the first group are the vitreous- 
enamel and the micalex seals, while the second group 

* J- C. Read: "The Application of the Mercury-Arc Rectifier to Heavy 
Engineering, ’ Proceedings of the Rugby Engineering Society, 1934, vol. 28 (2), p. 1. 


includes the mercury seal, the rubber seal, and the 
soldered seal. 

Briefly, the vitreous-enamel seal, shown in Fig. 1, 
consists of a number of thin metal cones enamelled all 
over and fused together to form an insulator of the 
desired dimensions. Such an arrangement has remark¬ 
able electric strength and excellent mechanical properties 
—the dimensions, being governed by flashover and not 
puncture consideration. Insulating seals made up in 
this fashion now range from small 2-cm. diameter seals 
for grid leading-in insulators and vacuum-gauge mount¬ 
ings, to 50-cm. diameter insulators necessary for insu¬ 
lating the container for the mercury-pool cathode. 
Careful oven-temperature control has resulted in the 
production of very reliable seals of this type. Though 
the practical limitation is the temperature gradient across 
the seal itself, it has been found possible to run the 
rectifier top-plates, on which these seals are mounted, at 
a temperature of 120° C. without damaging the seal. In 
actual practice the rectifier top-plate temperature rarely 
comes within 40 deg. C. of the figure mentioned, so that 
the factor of safety under working conditions is very high. 
One of the advantages of this type of seal is that it 
becomes possible to arrange for air cooling of the anodes 
and permit the use of a smaller and more robust radiating 
element on the anode stems. It also enables tempera¬ 
tures of about 80° C. to be used for the degassing of the 
rectifier during manufacture. 

In the case of the mercury seal, the joint is maintained 
under a head of mercury, and visible means are provided 
to ensure that the head of mercury is maintained at the 
proper level. The rubber seal is a simple mechanical 
arrangement embodying a metal-faced rubber gasket, 
and, while this joint can hardly be said to be so per¬ 
manent as the other two types, experience has proved it 
to be practicable and free from leakage. These types of 
seal permit the use of single long porcelain tubes for the 
anode bushings of higher-voltage rectifiers, giving a 
somewhat cheaper form of bushing than the vitreous- 
enamel type at high voltages. In the case of the mercury 
and the rubber seals, the operating temperatures should 
not exceed 80° C., and the'use of water cooling for the 
anodes is customary with heavy current ratings. 

The soldered seal is effected by soldering a copper ring 
directly to the porcelain bush, the ring being sealed tight 
to the cover plate. An example of this seal is shown 
in Fig. 6. 

Various types of cathode insulator are in use, the chief 
being the multi-cone vitreous-enamel seal and another 
—the porcelain-ring type. In the smaller rectifiers using 
the vitreous-enamel seal, no additional external fitting 
is now required, but with the porcelain rings and the 
large-diameter vitreous-enamel types use is made of a 
clamping ring with spring-loaded bolts to maintain a 
uniform compressive stress under all conditions of loading 
and temperature. 

Recent anode construction is typified by the almost 
universal adoption of graphite instead of steel anodes; 
this is largely due to the good qualities of the graphite 
at the working temperature of 600° C., and in particular 
the low thermal conductivity, the high fusing point, and 
the absence of sputtering. It is also effective in the 
construction of high-voltage rectifiers. Both the mer- 
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cury and the oil cooling of the anodes have been aban¬ 
doned, but the air cooling by means of radiating fins 
clamped to heavy copper anode stems appears to be 
gaining ground compared with the thermo-syphon water- 
cooled arrangements using large air-cooled water-filled 
radiators. 

Mention may be made of the various arrangements of 
grid adopted for promoting the rapid de-ionization of 
the space in front of the anode needed to impart to the 
rectifier the high dielectric recovery rate required for 
polyphase operation. This action of the grids is distinct 
from the grid-control functions which will be discussed 
later. In the present connection, the graphite grid is 
being progressively adopted in place of the steel and 
high-melting-point metal types. 

In some cases it is considered that a non-conducting 



Fig. 4.—Arc drop at full load for different tank sizes. Lim its 
of commercial designs. 


from a given tank size. Fig. 5 shows how the increase 
in the voltage rating severely limits the current loading. 

Whilst dealing with the size of rectifiers, a considera¬ 
tion of the sectionalized type of rectifier used in America 
may be of interest. The makers claim that the economic 
balance between efficiency, reliability, and cost, has an 
optimum value corresponding to rectifier sizes ranging 
from 1 250 to 3 000 amperes, as compared with the 
usual 5 000 amperes for large units. The assembly of 
the cellular units is facilitated by making each section 
complete in itself, i.e. with all auxiliaries mounted on 
the rectifier, the whole being contained in an earthed 
cubicle. Larger outputs are obtained by adding further 
units in parallel, so that the voltage-drop is always 
maintained at about 23 volts as compared with a probable 
30 volts for a very large unit. The sectional rectifier 
has made little headway in Europe, owing mainly to the 
different viewpoint and manufacturing tendencies. With 
the introduction of the air-cooled pumpless rectifier, 



Working voltage 

Fig. 5.—Influence of working voltage on current output of 

rectifier. 


material, such as quartz, forms a superior de-ionizing 
surface, and grids of this material have actually been 
used. Both the concentric and the louvre types of grid 
have been found effective in practice. The grid design 
is largely a problem of providing the optimum conditions 
in the clearance space between the grid and the anode, 
where voltage gradients up to 2 000 volts per cm. have 
been successfully dealt with. The minimum clearance 
appears to be limited by auto-electronic emission due 
to local intensification of the surface field. 

As a result of the foregoing developments, it has been 
found possible to construct thoroughly reliable rectifiers 
up to 6 000-ampere ratings, and, should the demand 
arise, 10 000 amperes d.c. output could easily be obtained 
from a single tank. It must be admitted, however, that 
the enormous current ratings of 16 000 amperes men¬ 
tioned a few years ago have not proved advisable. The 
use of a larger tank involves a longer arc path and also 
high losses, as indicated by the arc-drop/tank-size curve 
shown in Fig. 4. On the other hand, it has been found 
possible to extend the working voltage of rectifiers up 
to 50 kV, but here the gain in voltage output can only 
be obtained by drastically de-rating the current output 


whose outputs per cylinder are rapidly approaching the 
values suggested in connection with the sectionalized 
system, the position becomes altered and the section¬ 
alized system might well be applied to give not only 
increased efficiency but a considerable saving of weight 
and space, using pumpless steel-tank rectifiers. 

Igniter Units 

These units, of which the so-called “ Ignitron ”* is the 
chief example, represent a recent phase in the develop¬ 
ment of the mercury-arc rectifier. The polyphase igni¬ 
tron is made up of an assembly of single-phase- units 
each provided with an igniter rod of semi-conducting 
material such as boron carbide (silicit) inserted per¬ 
manently in the mercury (see Fig, 6). At the, instant, 
of ignition the ignition circuit receives a current impulse, 
and the resulting voltage field, produced by the concen¬ 
tration of the current at the junction of the igniter rod 
and the surface of the mercury, is sufficiently intense to 

* D. Parkiiard and J. Hutchings: “Sealed-ofi Ignitrons for Welding 
Control,” Electrical Engineering , 1937, vol. 56, p. 37. J. Slepian: “The 
Ignitron—A New Mercury-Arc Power Converting Device,” Electric Journal . 
1936, vol. S3, p. 267. 
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give rise to a cathode spot which allows the power arc 
to form. Actually, the time-lag on the formation of 
the main arc is less than 100 microseconds. The ignition 
principle is remarkable in many ways; it is, for example, 
still effective at — 200° C., though it does not follow 
that a stable arc is produced at these low temperatures. 
A further improvement has been the slotting of the 
igniter electrodes to give a reduced starting current at a 
slightly higher voltage. The ignition is timed with the 
aid of small grid-controlled mercury-vapour rectifier 
circuits, and these would be conveniently excited from a 
synchronously-driven induction generator. The diagram 
of connections is shown in Fig. 7, from which it will be 
seen that the ignition is dependent upon the proper 
functioning of the continuously running auxiliary valves. 
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Fig. 6.—Ignitron single-phase rectifier. 


attraction of the welding application is the controlled 
time-intervals through which the current can be allowed 
to flow. In the case of the half-cycle welding units, the 
problem has been the tendency of the cathode spot to 
travel outwards in the direction of the wall of the vessel, 
but this has been overcome by means of a suitably 
dimensioned cathode. Such units have been constructed 
for 500 volts and with peak current-densities np to 
500 amperes per ! square inch. The small sealed-off 
welding Ignitrons are made with both glass and water- 
cooled metal containers. Hydrogen diffusion has been 
prevented by using stainless steel, while an iron-cobalt- 
nickel alloy (kovar) is used to effect connection to the 
glass seals. Outputs up to 7 000 amperes (peak) have 
been obtained from a group of Ignitrons, corresponding 
to about 100 amperes (mean) per valve. 

The use of separate vacuum vessels for each anode- 
cathode pair means that there is an absence of ionized 
vapour between the electrodes during the reverse half- 


3-phaseA.C. 



Fig, 7 .—Main and auxiliary circuits for Ignitron rectifier. 


Ignitron experimental development has taken two main 
directions, the first constituting single-phase units for 
half-cycle welding, and the. second an ordinary controlled 
rectifier proposed for industrial purposes. The Ignitrons 
are made both in pumped and in sealed-off designs; the 
former are atomic-hydrogen welded and bolted together, 
while the latter are electrically seam-welded and some¬ 
times copper-brazed. Light internal parts are used to 
avoid prolonged pumping programmes. The sealed-off 
type has been made in units up to 250 amperes, and 
general use is made of the 75-100-ampere (mean) sizes, 
for which the output does'not warrant the cost of a 
pumping system. , 

Fig. 6 shows the cross-sectional view of a rectifier fitted 
with the usual vacuum-pump connections, and rated 
at 250 amperes for electrochemical service. The chief 


cycle, so that a close electrode spacing becomes possible. 
Advantage can be taken of this fact to produce low- 
voltage polyphase Ignitron rectifiers with about 13*5 
volts arc drop at 300 volts where shielding can be largely 
dispensed with. As a result of this, it is possible to 
apply this type of apparatus economically to a.c. voltages 
as low as 200 volts. At 600 volts there is need for 
shielding and the arc drop becomes increased, while at 
still higher voltages the arc drop approaches the normal 
value for a mercury-arc rectifier, and so far as efficiency 
at the higher voltages is concerned the difference is 
practically negligible. Incidentally, Ignitron rectifiers 
have been operated at 16 kV with the current reduced 
to 5 amperes.* 

* C. B. Foos and W. Lamemann:] "High-Voltage Mercury-Pool Tube 
Rectifiers,” Proceedings of the Institute of Radio Engineers,. 1936, voi. 24, p. 977. 
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Rectifier Auxiliaries 

It is not possible in this paper to deal at length with 
the wide subject of rectifier auxiliaries, but some notes 
will be given on a few outstanding features thereof. 

Ignition. 

Both a.c. and d.c. ignition systems are available/the 
tendency being to standardize whichever of the two 
systems is already in use on a given scheme. The d.c. 
method has some practical advantages, inasmuch as the 
ignition gear is not constrained to open in the correct 
half of the working cycle before proper ignition can result. 

Vacuum Pumping System. 

Vacuum pumping practice appears to be more or less 
standardized, although the various makes of pre limin ary 
vacuum diffusion pumps differ slightly in construction. 
Under ideal conditions it is possible to produce pressures 
as low as 0 • 1 mm. with the rough vacuum pump, but 
the mercury-vapour diffusion pump is still necessary to 
reduce the foreign gas pressures of 1 micron .at which 
the rectifiers usually operate. The actual mercury- 
vapour pressure may, of course, be higher. Two forms 
of heater are available for diffusion pumps, the a.c. 
single-turn transformer type and the resistance heater. 
The former is preferred on the grounds of longer life, 
but the latter can be used with alternating or direct 
current and is more convenient to demount if necessary. 

The control and measurement of vacuum is essential 
for the successful working of the water-cooled rectifier. 
Two types of vacuum gauge are available, namely the 
McLeod compression gauge and the Pirani hot-wire 
equipment. The Pirani gauge, based upon the Wheat- 
stone-bridge method of measurement, indicates the 
pressure by recording the thermal conductivity of the 
residual gases. Both types of gauge have been recently 
improved, the McLeod gauge being now available in a 
more compact form, while the Pirani gauge has been 
provided with improved mounting and the use of the 
vitreous-enamel seal in its construction. Incidentally, 
the latter gauge is also employed to operate the vacuum 
relays associated with the water-cooled rectifier. 

Cooling. 

The cooling systems used in connection with the 
water-cooled rectifier have remained substantially un¬ 
changed, the water being circulated through the rectifier 
water-spaces to the heat exchanger by means of a 
centrifugal pump. Thermostatic valves, operating on 
the bimetal-strip principle, provide a convenient means 
of regulating the flow of cooling liquid. 

Thermosyphon cooling, ora normal mains water supply, 
or a small circulating system, is employed for the 
diffusion pump and the water-cooled valve connecting the 
rectifier to the vacuum pumping system. Alternatively 
the valve may be air-cooled if desired. 

% 

(4) EXPERIMENTAL TYPES 

While they have not reached the stage when general 
application can be made, the non-vacuum rectifiers have 
made considerable progress in recent years. Although 
much development still remains to be done, some notes 
on these types may be of interest. 


Mercury-Jet Types* 

Development work continues to be carried out on the 
mercury-jet types of rectifier, and a new testing labora¬ 
tory for this purpose, with testing facilities up to 

1 000 kVA, was inaugurated in Denmark in 1937. 

Three types of mercury-jet rectifier have been pro¬ 
posed, the jet-wave rectifier, the jet-disc type, and the 
truncated-jet type. Most of the development work has 
been carried out on the jet-wave type, but the other 
two types are of considerable expeximental interest. 
The jet-wave type, of which several descriptions have 
already been published, makes use of the synchronous 
lateral deflection of a mercury jet supplied with alter¬ 
nating current and subjected to a steady magnetic field. 
The free end of the jet is made to traverse current¬ 
collecting combs, thereby producing the synchronous 
switching action necessary for rectification. For poly¬ 
phase working 3 single-phase units can be arranged with 
their jets in the proper phase relationship to produce 
correct phase commutation. Recent developments have 
been improvements in the auxiliary electrode systems 
which enable the current contact to be made with the 
minimum of distortion of the moving jet. These modifi¬ 
cations have resulted in a raising of the possible current 
output from the jet to over 1 000 amperes. A 300 kW, 
3 000-ampere, rectifier having 3 single-jet commutators 
is under investigation, and the output of each of these 
commutators has recently been increased to 125 kW. 
The general tendency is to reduce the number of jets for 
a given power output; at the same time the voltage on 
each jet can now be raised to 1 000 volts. The 200-kW 
jet-wave rectifier has already been successfully demon¬ 
strated on 500-volt tramway systems, and a 1 000- 

2 000-kW traction rectifier is under consideration. 

An important feature of the jet-wave rectifier is its 
efficiency at low voltages. Above the 500-volt range 
there is little to choose between this and the other 
rectifiers, but in the range from 50 to 200 volts its overall 
efficiency remains at the comparatively high values of. 
90—94 %. Tests have shown the rectifier to have a 
good overload capacity and to be capable of withstanding 
short-circuits, while more recently the possibilities of 
inverted operation of the jet-wave rectifier have been 
demonstrated.! 

Gas-cooled Arc Types! 

The gas-cooled arc types have passed through a 
number of experimental stages during the past few years 
and have now regained much of their original simplicity, 
as will be seen in Fig. 8. The chief features of these 
valves at the present time are the straight-through axial 
air flow and auxiliary arc ignition. The power arc bums 
between two main electrodes which are provided with 
screen electrodes to decrease the intensity of the electro¬ 
static field of the reverse voltage in the heated region 
of the arc-foot point. One of these screen electrodes is 

* J. Hartmann: “The Jet-Wave Rectifier ,'’’Journal I,E.E.,1930, vol. 68, p. 945, 
a ? r * J e *-Wave Commutator as means for the Production and Conversion 
of Heavy Direct Current, Large Power, and High Voltage,** Archivfiir Elehtro - 
technik, 1935, vol. 29, p. 856. J. Hartmann: “The Plate Jet” (G. E. Gad, 
Copenhagen, 1936). 

t vV . E. French: “ High-voltage D.C. Transmission,” Electrical Review, 
1936, vol. 118, p. 47. 

IE. Marx: “Are Convertors” (Julius Springer, Berlin, 1932). W. G. 
Thompson: “The Application of a Gas-cooled Arc to Current Conversion,** 
Journal I.E.E., 1934, vol. 75, p. 603. 
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insulated and serves also as an ignition electrode. An 
ignition voltage of about 5 kV is sufficient to break down 
the gap between the ignition electrode and its main 
electrode, and thus the current for the auxiliary arc is 
now obtained direct from the power transformer. The 
auxiliary arc is produced at one electrode system, is 
carried across to the other electrodes by the air flow, 
and initiates the power arc between the two main 
electrodes. The power arc in turn commutates the 
auxiliary arc, thereby restoring the small insulating gap 
between the main and the ignition electrodes. The 
auxiliary arc may be at either the anodic or the cathodic 
electrode. Thus the reversibility of the power flow is 
not impaired, and the polarity of the valve will depend 
upon the half-cycle in which ignition takes place. 
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Fig. 8.—Sectional elevation of Marx-type valve. 

The quenching of the power arc occurs at the current 
zero under the combined cooling and scavenging action 
of the air flow. The rate of recovery of the electric 
strength of the valve under heavy current has been 
measured by high-speed oscillograph methods and 
appears to meet all practical requirements. The valves 
have been operated successfully at heavy currents up to 
2 000 amperes (peak), and at moderate voltages, and at 
very high voltages (i.e. 300 kV) and light currents. 
Effective use of circulating air under a pressure of about 
10 atmospheres enables high reverse voltages to be 
withstood at practicable electrode-spacings. The arc- 
voltage/load-current curve has a drooping characteristic 
falling to about 70 to 100 volts at about 100 amp. d.c. 
output. This is somewhat high, but the arc voltage 
represents a negligible loss with the valve operating 
at several kV. The problem of electrode erosion is 
still under investigation. Considerable improvements 
have been made by the use of extended electrodes, and 
electrode lives of some thousand hours can be obtained. 
The momentary overload capacity is usually 10 or more 
times the normal full-load working current. The opera¬ 


tion of the valve can be stopped immediately by cutting 
off the ignition, while by adjusting the ignition the power 
output of the valve can be limited as desired. The 
valves have been operated in 3-phase and 6-phase circuits 
as a rectifier, and also as an invertor. In both cases the 
operation has been satisfactory, and so long as the 
conditions necessary for phase commutation are main¬ 
tained there is no difficulty. With electrode separations 
corresponding to a nominal breakdown voltage of 30 kV 
(peak) these valves have been operated satisfactorily at 
atmospheric pressure with reverse voltages of over 20 kV 
(peak) in a 3-phase circuit. The factor of safety would 
be obtained by raising the air pressure rather than by 
increasing the electrode separation. The general ten¬ 
dency for development at the moment is towards high 
voltages and moderate currents, but the application of 
these valves is largely a question of suitable opportunity 
arising. 

Hydrionic Rectifiers* 

These rectifiers, of which many widely different 
experimental forms have been produced, appear to be 
most suitable for operation at moderately low voltages. 
The arrangement in every case is such that during the 
conducting period the current is carried by an electrolyte. 
In order to deal successfully with the leakage on wetted 
insulating surfaces, the more practicable designs arrange 
the electrolyte in the form of high-speed jets. One form 
of this rectifier makes use of a synchronously rotating 
arm cutting into an equally spaced group of jets corre¬ 
sponding to the number of phases on the transformer. 
The voltage-drop of such a rectifier is dependent upon 
the nature of the electrolyte used and the effective 
design of the nozzle in the moving part which completes 
the circuit through the jets. By careful design and the 
provision of large electrode-areas and small clearances, 
voltage-drops below 10 volts with currents of 500 amp. 
have been measured. 

There still remain a number of problems to be solved 
in connection with these rectifiers, notably the handling 
of the alkaline caustic electrolytes used and the electro¬ 
lytic gases evolved. The temperature coefficient of 
resistance of the electrolytes also requires careful study. 
An interesting phenomenon in this type of rectifier is 
the sparkless break at commutation, which may be 
ascribed partly to the difficulty of the cathode-spot 
formation and partly to the high resistance of the liquid 
path at the point of breaking. 

(5) GRID CONTROL 

In reviewing the progress made in connection with 
the so-called “ grid control" for rectifiers, it must be 
admitted that the extent to which grid control has been 
applied in practice has fallen considerably short of the 
experimental and theoretical possibilities. As a means 
of controlling the output voltage of the rectifier in a 
continuously smooth manner, grid control appears to be 
admirable. On the other hand, it involves several im¬ 
portant practical points; first the suitability of the grid 
control gear, and secondly the cost of the filter gear 
necessary to cope with the large-amplitude harmonics 
produced in, the voltage output wave, when the ignition 

* British Patents Nos. 447096, 453080, November 1934. 
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or the start of the conducting period is retarded. Another 
point would be the poor power-factor resulting when 
operating at reduced voltage under grid-control con¬ 
ditions. So far as the mercury-arc rectifier is concerned, 
grid control has been limited to the inhibition of the 
striking of the power arc. It is true that on a, small 
experimental scale it has also been found possible to 
stop the arc discharge once it has been started, but so 
far as the author is aware there have been no major 
practical developments of this idea. On paper there are 
many attractive forms of grid control to produce.certain 
desired characteristics, and many methods of frequency- 
changing, but in actual practice it would appear that 
this application may be limited to the voltage regulation 
of rectifiers, inversion in connection with regenerative 
braking, and arc suppression. 

The Grid-Controlled Rectifier 

The grid-controlled rectifier is of normal construction 
except for an extra insulated grid situated immediately 
in front of each anode and connected to a source of 
negative d.c. potential which persists except when the 
positive debiasing influence is applied. There still 
remains considerable scope for research into the mechan¬ 
ism of the action of the control grid in relation to the 
arc stream, but much more is known about the grid 
characteristics and their behaviour under given con¬ 
ditions of rectifier loading and temperature. It is known, 
for example, that there is an optimum temperature at 
which the grid is able to exercise its maximum shielding 
influence on the anode for the particular value of voltage 
bias applied. Furthermore, under extreme overload 
conditions the factor of safety on the grid control also 
diminishes unless the bias is suitably increased. The 
object of successful design is to adjust the stable portions 
of these characteristics to correspond to the worldng 
range of temperature and load on the rectifier. 

It has been found advisable in the interests of precision 
to apply the debiasing voltage in the form of a steep- 
fronted wave, as the alternative method of steadily 
increasing the amplitude of the positive bias may lead 
to uncertain timing of the ignition of the anodes. A 
steepness of 60 volts per electrical degree is usually 
adequate. Various suggestions have been made as to 
the ideal profile of the positive impulse to be applied to 
the grid, and theoretical reasons have been advanced for 
prolonging the impulse to cover nearly all of the burning 
period for a given anode, the train of the wave being 
shaped away to cause a gradual transition from the 
positive to the negative bias condition. Practical experi¬ 
ence has shown, however, that whilst it may be an 
advantage to prolong the impulse in certain circum¬ 
stances, the working conditions, and in particular 
inverted operation, demand that the duration of the 
positive bias be kept within reasonable limits. 

Voltage Regulation. 

In the case of voltage regulation, the arrangement is 
that for the normal voltage the ignition of the rectifier 
must be slightly retarded; to increase the d.c. voltage 
the ignition of the rectifier must be advanced, and to 
lower the voltage the ignition must be further retarded. 


Various methods of effecting grid control have been 
devised, which may be grouped! as follows:— 

(i) Those using synchronously-rotating mechanical 
parts, such as commutators or contact makers. 

(li) Those employing saturated transformer or similar 
wave-peaking devices. 

(iii) Those using condenser discharging circuits. 

(iv) Circuits employing thermionic devices. 

In order to achieve the desired voltage regulation, it 
is necessary to vaiy the instant at which the impulse is 
applied. This can be carried out in three ways, namely 
by using phase-shifting transformers, altering the syn¬ 
chronous position of the rotating mechanical gear, or 
controlling the grids of the thermionic control device, 
depending upon which system is in nse. All these 
methods have been tried out under practical conditions, 
though each has its distinctive features requiring careful 
design. It is also necessary to recognize the true nature 
of the problem of grid control. Many devices have been 
suggested in this connection, but the difficulty lies in 
producing the proper working characteristic. Most 
schemes devolve essentially into one of voltage regulation, 
rather than that of compounding. The inherent diffi¬ 
culty is that the curve of the mean output voltage of the 
rectifier under control conditions is a cosine characteristic, 
and it is practically impossible to devise simple means 
whereby the phase-shift actuated by the load can be 
translated into terms of a suitable voltage/current 
characteristic. We have also to distinguish between 
those cases where the rectifiers are operating indepen¬ 
dently and where they are operating in parallel with 
other equipments, such as rotary convertors, etc. The 
obvious solution appears to be to provide an external 
shunt characteristic to suit the rectifier, since the 
inclusion of voltage-regulating means and relays results 
in the action not being absolutely instantaneous where 
compounding is attempted. 

Inversion. 

Inverted operation of the mercury-arc rectifier is 
effected by changing over the polarity; the current must 
still flow in the same direction through the rectifier, and 
is made to flow by the impressed d.c. voltage against 
the back e.m.f. provided by the a.c. phases in their 
proper anodic sequence. An a.c. voltage supply is 
necessary for wave-forming, and the function of the grid 
control is to regulate the transference of the arc from 
one anode to the next at the proper instant.. The same 
methods of control have been applied to the invertor as 
to the rectifier, the only difference being slight modifica¬ 
tions to the characteristics and a change in the phase 
position of the ignition point. 

Unfortunately, the invertor is still handicapped by the 
fact that it injects alternating current at a leading power- 
factor into the a.c. network, and as a result its usefulness 
is practically confined to regenerative braking in traction 
and rolling-mill operation. Another difficulty is the 
polarity change-over required. Where it is possible to 
regenerate to schedule; use can be made of change-over 
switches, but cases of emergency braking can only be 
dealt with by having a second rectifier permanently 
reverse-connected across the d.c. busbars. By this means 
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the substation can supply or absorb energy in rapid 
sequence if called upon to do so. 

Any of the four main types of grid-control schemes 
can be adapted to suit voltage-regulation or inversion 
requirements. Circuits have been recently devised to 
give automatic adjustment of the slope of the operating 
characteristic, the change-over point, and the limits of 
loading of the invertor. 

Considering now examples of types of control gear, 
the operation of the synchronous distributor has been 
frequently described in the technical Press, and the 
means by which the positive impulses are applied to the 
negatively biased grids can be seen from Fig. 9. 

Some practical notes may, however, be of interest. 
The most suitable form of distributor is that of a small 
commutator having two diametrically-spaced live seg¬ 
ments; the remainder of the segments are idle and merely 
serve to avoid uneven wear. The brushes are suitably 
grouped around the commutator, and advance or retard 
of the ignition is obtained by brush-rocking. This 
method has proved more convenient than adjusting the 



Fig. 9.—Grid-control circuit using synchronous distributor 
and voltage-regulator differential. 

synchronous position of the commutators because of the 
low inertia of the brushgear; the slight friction is also 
sufficient to prevent hunting, and overhauling can be 
avoided by the fitting of slipping clutches. A steady 
negative bias of about 100 volts and positive peaks up 
to 300 volts are used. Using good-quality brushes and 
avoiding sparking at the commutator, the method is 
perfectly reliable and the brush wear slight. Level¬ 
compounding can be carried out by making the device 
responsive to a voltage-regulating relay, but for parallel 
running and inverted working voltage-balancing devices 
involving electrical or mechanical differentials are used. 

The application of a peaky wave transformer to grid 
control (Fig, 10) calls for a means of adjusting the phase 
of the voltage impulse to give the requisite variation of 
the ignition instant for voltage regulation, and the phase 
shift needed when changing over to inverted operation. 
One such system employs a phase-shifting transformer 
in series with the winding of the wave-peaking trans¬ 
former. The rotation of the phase-shifting transformer 
can be achieved by means of a direct-current spring- 
opposed torque motor whose armature is supplied at 


constant voltage while its field carries some given amount 
of the output of the rectifier. Any desired character¬ 
istics can be arranged by rheostats connected in series 
with the motor armature, whilst further flexibility is also 
possible with the aid of additional shunt windings and 
screw adjustments. Owing to the inertia of the moving 
parts there is a practical limit to the speed of response 
of such control, and to avoid hunting the arrangement 
needs to be suitably damped. It will be understood 
that there are various possibilities similar to the scheme 
outlined above, such as loading the torque motor against 
an opposing torque motor, or achieving phase shift by 
means of a saturating winding. Proper regard must be 
given in each case to the control means having the 
desired characteristics. 

The thermionic method of control involves the use of 
radio valves and gas-filled discharge devices. At one 
time their application was questionable in view of the 
high factor of safety required, but to-day the standard 
of performance of such devices has improved enormously, 
and on the Continent* practical use has been made of 



Fig. 10. —Grid-control circuit (shown in simplified form) 
using peaked transformer and torque motor. 

this method of control for rectifiers up to 10 000 amperes. 
It is considered that, provided the valves are given a 
short preliminary ageing and if two or possibly three are 
used in parallel, the conditions indicated from the 
statistical records of the lives of such valves would be 
amply covered, and the probability of the failure of the 
control gear is thus practically nil. The thermionic 
method may well be the most satisfactory where very 
high speeds of response to fluctuating conditions are 
required. In addition there is a wide range of choice in 
the design of the control circuits, from the point of view 
of both the impulse shape and the voltage regulation. 
The voltage impulse can be applied to the rectifier grid 
either by a connection from a resistance in series with 
the anode or cathode circuit of the valve, or by means 
of a transformer in the anode circuit thereof . 

Arc Suppression. 

The efficacy with which arc suppression can be carried 
out depends first upon the nature of the fault, secondly 

* H. Tungmichel andE. Kottenham: “ The Control of Large Rectifiers with 
Valve Regulators,” Siemens Zeitschrifl, 1937, vol. 17, p. 49. H. Anscoutz 
and M. Stoehr: “The Adaptation, of Convertors to Motor Control,’ A.E.G. 
Mitteilungen, No. 6, June, 1937, p. 208. 
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upon the type of load on the d.c. side of the rectifier, 
thirdly upon the speed with which the negative bias can 
be applied to the grids, also, if in use, the positive 
impulses interrupted, and fourthly upon the effectiveness 
of the grids as screening and de-ionizing devices. In 
order to energize the grids rapidly, use is made of a 
high-speed relay, generally of the form of a miniature 
high-speed contactor. The essential features are a high¬ 
speed response combined with non-chattering of the > 
contacts. The time taken for this type of relay to' 
operate is about 2 milliseconds. An alternative method 
of control, also successful, is to use thermionic devices of 
the gas-filled relay type, which are almost instantaneous 
in action. 


Most d.c. circuits, whether they operate rotating machin¬ 
ery or electrolytic plant, or have other rectifiers on a 
common d.c. busbar, are capable of feeding into a faulty 
rectifier, and the number of cases in which the high-speed 
breaker can be dispensed with with impunity are com¬ 
paratively few. Finally, although the advantage of 
limiting the fault current is recognized, and arc sup¬ 
pression is becoming a common feature of mercury-arc 
rectifiers, it may involve a higher arc-drop under normal 
conditions and a very slight' loss of efficiency. 

(6) CONSIDERATIONS OP RECTIFIER 
EQUIPMENT 


The suppressing action has been studied with the aid 
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Fig. 11. —Fault-current suppression by control grids. 

(a) Grid suppression of dead short-circuit on 600-amp. 3 300-volt fd c ) 

traction rectifier. 1 ’ '' 

(b) Grid suppression of dead short-circuit at full load of 2 000-amp. 600-volt 
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of the cathode-ray oscillograph, and tests have shown 
that, whilst artificially-induced backfires can easily be 
suppressed under light-load conditions (see Fig. 11), the 
suppression with the rectifier on heavy overload is more 
difficult and requires careful design of the grids and the 
relay. The whole operation may take 0-02 sec. One 
reason for the difficulty of dealing with heavy overloads 
on backfire is the shape of the grid characteristic. This 
difficulty can be overcome by keeping the anode-current 
loading low, although it may mean building the rectifier 
wdth 12 and sometimes IS anodes per cylinder. A further 
point is that in the event of a heavy direct-current feed¬ 
back the alternating-current wave with respect to one 
anode may be completely asymmetrical, in which case 
recourse to high-speed circuit-breakers is inevitable. 


Throughout the various stages of development the 
rectifier has had a marked influence on the design and 
rating of the equipment directly associated with it, and 
a few passing remarks thereon may be of interest. 

On the high-tension side of the rectifier transformer 
the main switchgear is required to have a higher rupturing 
capacity than would normally be used for a plant of the 
same nominal kVA as the rectifier transformer. The 
factors arising under fault conditions not only combine 
to increase the duty on the breaker but demand a higher 
dielectric recovery rate, and in some cases this has 
resulted in an increase of 50 % on the MVA rating of the 
switchgear required. 

The design of the rectifier transformer is dependent 
upon several features. On one hand the worldng con¬ 
ditions demand a robust transformer, but on the other 
hand the multiplicity of phases on the secondary side, 
combined with the numerous cross-over connections 
needed for the maximum utilization of the active 
material, add considerably to the difficulties of insulation 
and mechanical bracing. In practice such problems 
have been overcome, and effective and reliable rectifier 
transformers can be produced. Various problems still 
remain, and brief mention will be made of their more 
outstanding points. 

The harmonic problems may be divided into two 
groups, these being the d.c. voltage ripple and the a.c. 
harmonics. Up to the present the provision of smoothing 
gear in the shape of resonant shunt circuits, or alter¬ 
natively the adoption of a 12-phase system of connec¬ 
tions, have proved adequate to meet the case so far as 
the d.c. side is concerned. (Incidentally a “ smoothed ” 
6-phase circuit has actually less ripple than an un¬ 
smoothed 12-phase equipment.) These practices are 
well established and have already been discussed in 
many publications. On the a.c. side the position is not 
quite so well defined. The conditions giving rise to 
difficulties with a.c. harmonics are well known, but 
fortunately in practice troubles have been confined to a 
few isolated cases. At the same time the provision of 
a.c. smoothing equipment is neither economic nor desir¬ 
able, and alternative means have to be used to suit each 
particular case. Numerous theoretical circuits have been 
devised to produce favourable operating conditions, but 
in any practical scheme the working of the interphase 
transformer and the necessity of maintaining correct 
phase-commutation must always be borne in mind. 

The outstanding problems associated with the a.c. side 
of rectification are:— 
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(i) Wave-form distortion. 

(ii) Resonant effects of a.c. harmonics. 

(iii) Interaction of rectifiers whose phases differ in 

number. 

(iv) Interference with communication circuits. 

Wave-form distortion has been suggested as a potential 
source of heating of the alternators in the central station 
supplying the rectifiers when the total kW of such load 
becomes very large. As a result of the successful opera¬ 
tion of the Berlin City Railways, with their 170 000 kW 
of plain 6-phase rectifiers, it is realized that in practice 
the effect is much less than calculation would indicate. 

One or two isolated cases of resonance of high-tension 
lines with rectifier harmonics have occurred, a particular 
case being that of a 25-mile 100-kV line resonating with 
the 11th and 13th harmonics. Fortunately such an 
occurrence is extremely rare and only takes place where 
the natural frequency of the line is low. It is usually 
confined to one harmonic. Two solutions of the problem 
are available. The first is an increase in the number of 
phases so as to eliminate the resonating harmonic, and 
in the above-mentioned case it was necessary to proceed 
to 24 phases to eliminate the 13th harmonic. 

The second method is to arrange a phase displacement 
of the harmonic from one of a pair of rectifiers to cancel out 
the corresponding harmonics of the second rectifier. This 
phase-shifting arrangement, whilst requiring an additional 
transformer, does enable the normal design practice to be 
followed in connection with the rectifier transformers. 

The question of increasing the number of phases to 
produce a smooth output on the d.c. side, or to eliminate 
a particular harmonic on the a.c. side, involves the 
problem of the stability of rectifiers using more than 
12 phases. Even with 12 phases there is the possibility 
of the equipment reverting to 6-phase operation, or the 
intermittent firing of certain anodes where the a.c. wave 
is badly distorted by the 5th and 7th harmonics, which, 
by the way, may arise from transformer saturation 
independently of any rectifier load. The root of the 
problem is the small commutating e.m.f. available when 
the number of phases is large. To overcome this diffi¬ 
culty, circuits giving a steep fall of anode voltage towards 
the end of the burning period have been proposed, but 
again this tends to introduce a percentage of 5th harmonic 
into the voltage wave and its general adoption is hardly 
likely to meet with favour. The ideal is to provide the 
maximum of stability for the rectifier with the minimum 
of disturbance to the system. There is little doubt that 
for stability the 6-phase connections are ideal, and in 
view of the general experience they can be accepted as 
satisfactory. If necessary, however, the position can be 
made still more safe by the use of alternatively star- 
and mesh-connected primary windings of rectifier 
transformers on the same system. 

A few cases of interference with communication circuits 
due to rectifier harmonics are recorded, but with the 
exception of one or two isolated instances they have not 
proved serious. Such phenomena are usually due to local 
conditions, and normally no special precautions beyond 
the usual smoothing gear are considered necessary.* ■ 

* H. Jungmichel: “ Harmonics, Ripples, and Interference Voltage of 
Rectifiers,” EleMrotechnische Zeitschrift, 1937, vol. 58, p. 417. W. Gerben 
and H. Kolliker: “ H.F. Wireless Interference by Rectifiers,” Bulletin, 
Schweizerischer Elelitrotechnischer Verein, No. 25, p. 654. 


The influence of grid control upon rectifier equipment 
is marked > in many directions. In the first place the 
additional control gear per phase makes it very desirable 
to limit the number of phases in the rectifier, but on 
the other hand the smoothing gear requires to be larger 
to deal with the " sawtooth ” wave-form. The over¬ 
lapping effect of the interphase transformer and its 
voltage wave-shape in relation to the incoming phase, 
together with the duration of the positive controlling 
“impulse, needs attention. A more serious aspect of grid 
control is that of its influence on the power factor; for 
example, a voltage regulation of 15 % may involve a 
lag in the power factor down to 0-8 and, should long 
periods of operation at reduced voltages be contemplated, 
tap-changing gear is advisable and the grid control 
relegated to merely smoothly regulating the voltage 
between one tap-change and the next. 

Another aspect of rectifier transformer equipment is 
the placing of the auxiliaries such as the interphase 
transformer and the various choke coils. In the case of 
units of large outputs associated with water-cooled 
rectifiers, there is usually only the interphase transformer 
housed with the main transformer in the one tank. 
With the smaller equipments there are two schools of 
thought, one favouring the separate disposition of the 
various components such as the anode chokes, auxiliaries, 
etc., the other associating the auxiliaries with the main 
transformer in the one tank. Such practice is conducive 
to apparent neatness in the substation and the cubicles, 
but at the expense of the internal simplicity of the 
transformer. 

The problems of temperature control and improvement 
of light-load efficiency of the air-cooled rectifiers has 
been further advanced through the more general adop¬ 
tion of fan-speed control chokes, which regulate the 
amount of cooling and power input to the fans in 
proportion to the load on the rectifier. The resultant 
saving compared with constant-speed fan equipment is 
to a large extent dependent upon the load factor of the" 
rectifier. 

In the case of the air-cooled rectifiers, both of the all- 
metal or the glass construction, in the event of a back¬ 
fire the rectifier must be isolated with all speed. Anode 
fuses have been found to give effective protection in this 
connection; these have undergone a steady change in 
recent years and are now so designed that they do not 
fuse under ordinary forward short-circuit conditions, but 
only in the event of a backfire. Both the chemical-filled 
and the oil-immersed types are used, but their length is 
considerably increased so as to render them capable of 
dealing with any d.c. component in the backfire current. 
Actually these fuses, made in ratings up to 250 amperes, 
are a comparatively costly item and their frequent 
replacement would be most uneconomical. The fact 
that they so rarely fail is a tribute to the reliability of, 
the modern air-cooled rectifier. 

Of the many other items in connection with rectifier 
equipment, brief mention will be made of the high-speed 
circuit-breakers only. In these switches, operating times 
down to 0 • 012 sec. are used, and it must be admitted 
that, despite innovations in the way of control grids, 
fuses, arresters, and the like, the breakers remain the 
most effective means of protecting the rectifier from 
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Fig. 12 a.—P lan of rectifier floor of Camden Town substation. 
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Fig- 12b-— Section through Camden Town substation. 
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major damage, whether the potential source of trouble 
be short-circuits, feed-back, surges, or even lightning 
disturbances on the d.c. track. 

Equipment Layout. 

The layout of rectifier equipment is rendered very 
flexible by virtue of the static nature of the plant, both 
the horizontal and vertical arrangements being possible. 
In view of the ever-increasing congestion in large cities, 
and also modem architectural trends, the latter arrange¬ 
ment is becoming increasingly important, and it is not 
without significance that the largest rectifier substation 
in this country, the 8 000-kW Camden Town equipment 
of the London Transport, is of the vertical type shown' 
in Figs. 12a and 12 b. The arrangement shows the 
mounting of the high-tension gear on the upper floor, 
the four 2 000-kW rectifiers and d.c. high-speed circuit- 
breakers on the second floor, the control boards and link 
panels on the ground-level, and the outgoing d.c. cables 
in the basement. Three of the rectifiers supply power 
to the electric trains, while the fourth is used for the 
tramway and trolley-bus system. An interesting feature 
of the substation is the utilization of the frontage for 
shop sites. 

As a result of the introduction of the pumpless 
rectifier, compact arrangements are possible even where 
large powers may be concerned, while heavy cranes and 
lifting gear may be avoided. It is interesting to consider 
the possibilities where the three main types of rectifier 
are competitive, and Fig. 13 shows, by way of example, 
the layout of equipments for an output of 2 000 kW at 
600 volts as supplied by (a) glass bulb, (b) air-cooled 
pumpless steel tank, and ( c ) water-cooled rectifiers, 
respectively. An important factor in any such com¬ 
parison is the overload rating of the units, and Fig. 13 
is based on the heavy traction overloads as indicated. 
The areas directly occupied by the actual rectifier plants 
are respectively 0-12 sq. ft. per kW for the glass bulbs 
and 0-078 sq. ft. per kW for the pumpless rectifiers and 
also for the water-cooled type. The figures quoted 
include access space. 

(7) THE SCOPE AND PERFORMANCE OF 
RECTIFIER PLANT 

The power rectifier has had widespread application 
and there are no signs of its limits of usefulness being 
approached. Both the reliability and economy of recti¬ 
fier plant are well established, and from the performance 
standpoint interest lies mainly in the direction of 
efficiency and overload capacity. Despite the fact that 
rectifiers can withstand short-circuit without serious 
damage, their thermal capacity is comparatively low 
and the duration of the permissible overloading period 
diminishes very rapidly with increasing overload. The 
net result often is that where a rectifier plant of 
capacity adequate to deal with the brief but very 
heavy overloads is installed, its normal duties so far as 
the rectifier is concerned may be relatively light. This 
is particularly noticeable in traction work, and more 
especially where rectifiers are in use in parallel; in a sense 
the effect can be interpreted as leading to a very con¬ 
servative rating of the units for normal conditions, and 
the fact that it is possible to do this and still maintain a 


good economic performance is largely due to the flattened 
form of the rectifier load/efficiency characteristic. 

Yet another aspect of the efficiency and overload 
questions is that of the working voltage for the rectifier. 
As already mentioned, it is necessary from de-ionization 
considerations to de-rate the rectifier when the working 
voltage is raised; on the other hand, the arc drop is 
approximately the same and a considerable gain in 
efficiency usually results. The de-rating of the rectifier 
also reduces the thermal loading, so that if a high-voltage 
rectifier is designed to withstand momentary heavy 
oyerloads it has every prospect of a good performance 
under standard overload conditions. 

Rectifiers for Traction Purposes 

It is usual to consider rectifiers for traction work to 
be divided into two categories, namely heavy traction 
and light traction. Under the first heading, rectifiers 
fulfil duties in connection with main-line electrification, 
regenerative braking, frequency-changing, electric loco¬ 
motives, and portable substations. 

Although two 50/16f'-cycle frequency-changing recti¬ 
fier equipments of 3 600 and 4 600 kVA respectively 
have been installed in Germany, where also rectifier 
locomotives are being tried out under service conditions, 
it would appear that such developments will be restricted 
to the Continent. So far as Great Britain and the 
Dominions are concerned, most of the traction will be 
supplied at pressures of 500 volts, or 1 500 volts, or 
3 000 volts direct current. Attention will therefore be 
directed to d.c. traction, and it may be mentioned that 
the increasing use of the Metadyne and similar methods 
of motor control are bringing regeneration, with its 
attendant invertor problems, increasingly to the fore. 

Some typical examples of rectifier traction work 
associated with British industry are the London Trans¬ 
port’s system, and the electrification of the Southern 
Railway, the South African Railways, and the Polish 
State Railways. A comprehensive survey of the London 
Transport’s electrical equipment has already recently 
been given before The Institution.* It might be men¬ 
tioned, however, that a unique feature of the undertaking 
is the employment of each of the main types of mercury- 
arc rectifier. These range from the 2 000-kW water- 
cooled types down to the 250-ampere steel pumpless 
air-cooled rectifiers,! and also glass-bulb rectifiers for 
similar output to the latter. The water-cooled rectifiers 
are used on the railway services, and the other types on 
the trolley-bus and tram supplies. Operating conditions 
are at times severe, ranging from dense traffic in the city 
to single trains on outlying sections. The fact that an 
undertaking of this nature with its enormous peak loads 
is not only largely dependent upon rectifiers, but is 
relying on them for its extension programmes, says much 
for the reliability and confidence placed in this type of 
plant. 

The Southern Railway schemei is noteworthy as 
representing the beginning of an era long foreshadowed 
in connection with the British main-line railways. The 

* A. L. Lunn: “Equipment and Performance'of Steel-Tank Rectifiers,” 
Journal I.E.E., 1936, vol. 78, p. 123. 

t “ Sealed Metal-clad Mercury-arc Rectifiers,” Electrical Times, 1936, vol. 81, 
p. 815. * 

£ Railway Gazette (Electric Railway Traction Supplement), June, 1937. 



RECTIFIERS AND THEIR APPLICATIONS 


453 





(а) Substation with 10 glass-bulb units. 

(б) Substation with 6 pumpless steel-tank rectifiers, 
(c) Substation with water-cooled rectifier. 
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rectifier equipment involved amounts to 250 000 kW, 
corresponding to 100 2 500-kW equipments. The recti¬ 
fier equipments are installed in single-unit substations 
and at certain points of the system operate in parallel 
•with compound rotary-convertor substations. Each 
equipment consists of a steel-tank rectifier with main 
transformer and switchgear for operating equipment con¬ 
trolling auxiliary plant, and is designed for the following 
typical d.c. ratings for traction work:— 

2 600 kW continuously at 600 volts, 

3 000 kW for 15 minutes, 

4 000 kW for 5 minutes, 

6 000 kW for 30 seconds, 

8 000 kW momentarily. 

The South African Railway electrification* represents 
320 miles of main-line working at 3 000 volts (d.c.). 
Regenerative braking necessitated the installation of 
invertor equipment and, to overcome switching limita¬ 
tions, the use of permanently reverse-connected rectifiers 
to pass the regenerated current. In common with similar 
schemes the actual total amount of returned energy to 
the a.c. system will, after allowing for the portion 
absorbed amongst the load of other trains, only amount 
to a small percentage, and even if returned at a low 
power-factor should not affect the a.c. system. The 
important feature is that the full retarding force shall 
be instantly available when required. Special tests with 
two 1 000-ton trains, and subsequent operating experi¬ 
ence, have confirmed this. 

Another feature is the use of high-speed relays to 
suppress the arc by applying a negative voltage to all 
grids in the case of a backfire or internal short-circuits 
on the rectifier. Track short-circuits are dealt with by 
means of external feeder breakers. The forward loads 
represent a continuous rating of 1 667 kW on each unit, 
the corresponding overloads being as follows:— 


Direct 

Inverted 

Period 

60% 

25% 

2 hours 

no % 

100 % 

30 minutes 

200 % 

175 % 

1 minute 

260 % 

200 % 

Momentarily 


The complete equipment is also rated with a particular 
load curve. It is interesting to note that in connection 
with the actual working a loading of almost three times 
the full load has been carried for 11 minutes. 

So far as the grid-control equipment is involved the 
rectifiers are of normal 3 000-volt construction fitted 
with double control grids and polyphase excitation. 
Using the torque-motor-actuated control for the peaky- 
wave ignition transformer, the response was more than 
sufficiently rapid for railway service. The use of resonant 
shunts has effectively reduced the telephone interference 
factor of the voltage ripple to 0 • 5 % despite the use of 
grid control and 6-phase transformer connections. The 
overall efficiency at full-load rectification was 96 % and 
at full-load inversion 94 %. 

The Polish State Railwaysf are supplied from thirteen 
3 300-volt rectifiers arranged in 6 substations and aggre¬ 
gating some 35 000 kVA. The combined capacity of 
the power stations supplying the rectifier is 143 000 kVA, 

* Engineer, 1936, vol. 162', p. 66. f Engineering, 1936, vol. 141, p. 201. 


and the rectifier load thus amounts to 24 • 5 %. To meet 
low ambient temperatures, small heaters are fitted to 
switchgear control gear. The power transformers are 
also equipped with a tertiary 6-phase star-co nn ected 
winding for baking-out the rectifiers at low voltage. 
The overload figures are 25 % for 15 minutes and 200 % 
momentarily. 

The guaranteed overall efficiencies are:— 

Load 5/4 4/4 3/4 2/4 1/4 

Efficiency, % 96-07 96-6 96-82 96-72 95-57 

The protection on the d.c. side consists of reverse 
high-speed breakers between cathode and busbars, and 
forward high-speed breakers between busbars and the 
track, while, to minimize interference, smoothing reduces 
the ripple to less than T| % of the normal d.c. voltage. 
Three substations are manually controlled, the remainder 
being remote-controlled. 

Despite the fact that it is a comparative newcomer to 
the rectifier group, the pumpless steel-tank rectifier has 
met with considerable success. Some 10 000 kW of this 
type are already in service. The parallel arrangement 
of the units for larger powers enables a high efficiency 
to be maintained, together with overload performances 
comparable with that of water-cooled rectifiers. Sub¬ 
stations of 1 000 kW capacity have been equipped with 
the new type of rectifier. 

A typical example is that of a 600-kW 500-volt 
equipment supplied to a Glasgow printing works. 
The two 600-amp. pumpless steel rectifiers are each 
housed in a cubicle containing the cooling fan and 
the usual auxiliaries. The d.c. supply is on the 3-wire 
system, a neutral point for the third wire being efficiently 
and effectively obtained by means of a rotary balancer. 
The usual standard overloads and efficiencies were 
obtained without difficulty. 

Yet another example is the 500-kW 600-volt unit 
supplied for Perth, Australia. This is one of the first 
grid-controlled pumpless steel-tank rectifiers and is 
arranged to give constant voltage for all loads up to full 
load. The control potentials are applied to the grids by 
the synchronous distributor method, suitable voltage- 
responsive relays being provided for actuating the brush¬ 
rocking gear. The control gear is neatly housed in a 
separate cubicle from the rectifiers. 

Glass-bulb equipment represents a considerable aggre¬ 
gate of installed plant and covers a wide range of outputs, 
from large 6 500-kW traction substations down to small 
units for cinema projectors. They are too numerous to 
be discussed in detail, but the rectifiers associated with 
the Liverpool, Southport, and Manchester-Bury lines, 
respectively, might be quoted as typical examples. The 
former is a 600-volt system with 2 000-amp. rectifier 
banks, the latter a 1 200-volt scheme with substation 
capacities of 3 000 amp. In each case the overloads are 
25 % for 2 hours, twice full load for 10 minutes, and 
three times full load for momentary peaks. 

Turning to the high-voltage field, a 100-kV experiment 
in d.c. transmission has been tried out in Switzerland, 
and a high-voltage d.c. constant-current equipment has 
been installed at Schenectady, U.S.A. 

Mercury-arc rectifiers for radio broadcasting are also 
well established, amongst the latest achievements being 
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the new Empire broadcasting station at Daventry. The 
entire main high-tension d.c. supply is furnished by five 
rectifiers of the steel-tank type rated at 400 kW for 
either 12 000/14 000'volts or 19 000/22 000 volts. The 
normal voltage control to these equipments is given by 
induction regulators, but the rectifiers are also able to 
give control of the voltage from zero to 22 000 volts by 
means of grids. A new type of high-speed relay is 
incorporated to suppress the rectifier arc in the event of 
flashover in the transmitter valves. These rectifiers have 
withstood 30 000 volts, 400 kW, for 15 minutes. 

Mention might be made in passing of the application 
of rectifiers to film studios, the characteristic type of 
load being long intervals of light load followed by short 
periods of heavy load during the actual filming. A 
typical equipment supplied to the Amalgamated Studios, 
Ltd., at Elstree consisted of 500-kW 240-volt steel-tank 
rectifiers. Utilizing .the heavy overload capacity in 
combination with 3-wire working, it will be possible to 
supply brief lighting loads for 16 000 amp. Special 
smoothing equipment is provided to ensure the smooth 
and silent operation of the arc lights. 

Two types of rectifier, the pumpless air-cooled steel- 
tank type and the Ignitron, are being applied to mining 
work below ground. The former is a 250-kW unit to be 
supplied to one of the Rand Mines, and the latter is 
being used in America to give a 225-volt 300-kW supply 
for haulage and machinery operation. This Ignitron 
equipment was arranged for full automatic control and 
voltage compensation for both line and transformer 
reactance. The compensation was arranged by com¬ 
bining the effects of load and line voltage and applying 
this to the impulsing transformer neutral. Beyond full 
load, use was made of the normal shunt characteristic. 
The overload ratings were 50 % for 2 hours and 200 % 
for 1 minute. In 6 months’ service only one arc-back 
has been recorded. 

All types of mercury-vapour rectifiers are finding 
application in the chemical industry, large steel-tank 
water-cooled sets up to 8 000 kW being used. A feature 
of this class of service is the low-voltage starting required 
on some of the electrolytic baths, and the possibility of 
feed-back currents over 10 000 amperes in the event of 
a rectifier arc-back. As a result both grid control and 
arc suppression are of importance. 

Similar heavy-duty rectifiers are required in connection 
with rolling-mill work, where in some cases circuits to give 
the usual Ward-Leonard operating characteristics are used. 

Other applications of rectifiers are to electric loco¬ 
motives, portable substations, high-power tests, hotel 
loads, printing works, large stores, docks, etc. The 
foregoing by no means exhausts the applications, but is 
sufficient to indicate the extremely wide scope possible. 

(8) CONCLUSIONS 

There is little doubt that the sustained importance of 
direct-current electrical engineering has been largely due 


to the progress of the rectifier. This device has enabled 
the benefits of the flexible control of d.c. plant to be 
combined with the economics of a.c. distribution. The 
rectifier has also had a far-reaching influence on trans¬ 
port, and the progress of main-line electrification and 
trolley-bus systems throughout the world is of significance 
in this respect. 

Rectifiers have now been in course of development for 
over a third of a century, and whilst there may be 
comparatively little further change in the essential 
features there is no reason to suppose that finality in 
design has been reached. One of the difficulties in 
rectifier development has been the lack of economical 
means of carrying out full-load tests at large powers, 
it is of interest to note that a rectifier-testing station 
has recently been built at Witton, and is capable of 
testing rectifiers up to 6 000 kW at voltages up to 
4 000 volts, while equivalent tests corresponding to 
loadings at 12 000 kW are possible. 

A study of the rectifiers themselves suggests that 
air-cooling, even for larger sizes, will eventually be 
adopted and that the vacuum pumps will inevitably 
disappear as a unit feature of each rectifier. So far it 
would be true to say that grid control as a means of 
voltage regulation has proved less popular than was 
thought probable a few years ago. Some of the theoretical 
possibilities have not materialized and there have also 
been limiting economic factors to other forms of 
controlled operation. 

With high voltages the demand has proved smaller 
than anticipated; radio broadcasting, rather than d.c. 
transmission, would appear to be the limit of require¬ 
ments. So long as the transmitting-valve policy remains 
as at present there will be little demand for rectifiers 
above 20 kV. The future of the lower-voltage working 
is bound up with the question of arc drop, and in this 
connection the use of single cylinders per anode and 
also the jet-wave rectifier appear to have brought 
us to a lower limit than was previously economically 
possible. 

There is little doubt that the great outlet for power 
rectifiers wall remain the 500-3 000-volt range, where 
not only has confidence in them been established but also 
their application has resulted in considerable saving to 
the community as a whole. 
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Mr, C. E. Fairburn : It appears from the paper that 
the non-vacuum type of rectifier has arrived rather too 
late; also that the rotary convertor is now almost obsolete. 
A number of problems will have to be tackled, however, 
before the mercury-arc rectifier will be able to supplant 
the rotary convertor completely. 

Dealing first with the glass-bulb rectifier, I am re¬ 
sponsible for 33 industrial installations, containing 68 
bulbs, for supplying hotels, docks, cranes, etc., and they 
are almost entirely satisfactory. ’Where troubles do 
arise, they are generally due to a failure to realize the 
service requirements in the first instance. A short time 
ago we met with various troubles due to unsatisfactory 
glass, but these have now been cleared up. 

Turning to traction installations, the 1 200-volt system 
of the Manchester-Bury line is run entirely by glass-bulb 
rectifiers, and has been quite satisfactory throughout the 
5 years during which it has been so operated. We also 
have two glass-bulb substations on the Liverpool-South- 
port line which have been running for 5| years, and they 
too have proved satisfactory. This week we opened the 
Wirral electrification, which has six substations, all 
equipped with glass-bulb rectifiers. 

With regard to the steel-tank rectifier, we employ a 
certain number of these for traction purposes, but some of 
them have not approached the glass-bulb type in respect 
of reliability. I do not mean to imply by this that the 
glass-bulb type should always be used for traction pur¬ 
poses; the choice depends on many factors, the first being 
cost and the second capacity. 

There is a great need of a standard specification for 
rectifiers. Fortunately such a specification is in course of 
preparation, and I am optimistic enough to thinfr that it 
may be completed in the near future. 

I have used grid control on a few industrial rectifiers 
for about 4 years, with satisfactory results, but I have 
still to be persuaded that it is warranted from the com¬ 
mercial point of view, especially on traction units. I 
think that the fewer complications we have the greater 
will be the reliability of the equipment. I have recently 
installed one steel-tank rectifier with grid control for 
arc-suppression, and so far it has worked satisfactorily, 
but it has still to prove its value as a commercial pro¬ 
position. There is no point in having grid control for 
voltage regulation on traction systems; for arc suppres¬ 
sion it may be of some importance, but if there are a 
number of feeder breakers connected to a rectifier fitted 
•with arc-suppression grids one must be careful to arrange 
the gear so that every time a short-circuit occurs on a 
feeder circuit the rectifier itself does not trip out and 
make all the feeders dead. 

Concerning the question of the rupturing capacity of 
switchgear, if switchgear for a rectifier has to have 50 % 
greater rupturing capacity than for a rotary convertor, 
in some instances the convertor wall still be preferred, but 
the need for this increase does not appear to have been 
established by comprehensive tests. 

With regard to the pumpless rectifier, if this had been 
introduced at the same time as the glass-bulb rectifier it 
is probable that the latter would never have been 
developed in the larger sizes because of the apparent 


fragility of glass, but in practice breakage of glass bulbs 
rarely occurs, provided the plant is handled reasonably. 

With regard to frequency- and phase-changing, I was 
privileged to see the set which the Germans have put in 
at Basle, and I was impressed by the low value of inter¬ 
ference it caused. One drawback, however, is the large 
number of small and rather expensive valves required 
for controlling the set; I was informed that the life of 
each of these valves was not expected to be more than 
about 2 000 hours. I was also informed that that was 
not considered to be quite thb best system possible 
to-day. 

{Communicated) On page 449 the author states that 
there are 170 000 kW of rectifier plant on the Berlin 
City Railways. What percentage is this rectifier load of 
the total load on the generating system ? Very little 
is known of the effect produced on a power station when 
the load comes entirely from rectifiers, or indeed when 
rectifier- load forms a high percentage of the total. I 
should like to know what the effect on the generating 
plant would be if, say, the rectifier load was 90 % of 
the total; and, further, I should be glad to know what 
telephone and wireless interference might be expected 
under these circumstances from the transmission from 
the power station to the rectifiers, (a) using cable trans¬ 
mission and { b) using overhead lines. 

I have heard the opinion expressed that if the rectifier 
load on any particular system exceeds 15 % of the total 
load, there will be trouble due to the alternators over¬ 
heating and also due to interference. I should be glad 
to know whether the author has any experience bearing 
on these matters, which are closely related to the question 
whether rectifiers are going to supersede rotary convertors 
entirely. 

Dr. C. C. Garrard : There is still plenty of scope for 
direct current, not because of the invention of the rectifier, 
but because the d.c. motor is still the best type of motor 
for variable speeds. It is no longer necessary to discuss 
whether the rectifier is preferable to the rotaxy convertor; 
that question has been settled, and • we have only to 
decide which is the best type of rectifier and how it c an 
be most advantageously applied. 

We must be careful, however, not to expect too much 
from the rectifier. Comparatively recently, it was said 
that the rectifier would provide a solution of the problem 
of long-distance transmission by providing us with a 
means of transmitting power at high voltages by direct 
current. In paiticular, the gas-cooled arc-type rectifier, 
owing to its special suitability for high voltage, was to be 
the means to this end. This, however, is a chimera, 
because technical and financial examination of the ques¬ 
tion shows very clearly that d.c. transmission cannot 
compete with 3-phase transmission, however high the 
voltage may be. For voltages suitable for the d.c. motor, 
however, i.e. up to 3 000 volts, the rectifier holds the field, 
and that field is mainly traction. 

A question to which some thought has been given 
recently is whether we can rely entirely on rectifiers for 
traction systems or whether, as has been held by some 
engineers, it is better to include a proportion of rotary 
convertors in the substations. The Berlin city railway 
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system has 170 000 kW of rectifiers, and no other type of 
converting apparatus at all. The answer to this question 
seems to be, therefore, that the admixture of other forms 
of conversion plant is not necessary, and this is so even 
with regenerative motors on a traction system, as in the 
case of the South African Railways. 

I am inclined to think that for this country, and with 
multiple-unit stock generally, regenerated current as such 
is more bother than it is worth. Whether regenerative- 
type motors be used or not must be determined solely 
from traction considerations, i.e. considerations of 
acceleration, braking, and tractive effort. I say this 
because I agree with Mr. Fairburn’s remarks about grid 
control; the paper shows that its application is very 
limited. 

Other considerations wliich might limit the complete 
use of rectifiers on traction systems are the power factor 
and the odd harmonics on the a.c. side. I do not think 
that the power-factor question plays a great role, because 
the rectifier has a power factor of about 0-94 from 25 % 
load upwards; this means that the generating station 
will have a slightly lower power-factor, but if the 
generator is suitably rated no difficulty results. With 
regard to the odd harmonics in the primary circuit, in 
99 % of cases these do not cause trouble if underground 
cables are used. 

I once had an interesting experience of trouble due to 
odd harmonics on the a.c. side of a 6-phase rectifier 
installation. The generating station with its step-up 
transformer and the 33-kV cable had a natural frequency 
of 550 cycles per sec., and formed a rejector circuit for 
currents of that frequency. The consequent distortion 
of the a.c. wave-form was very marked, and steps had to 
be taken to get rid of it. I mention this point parti¬ 
cularly in view of Mr. Fairburn’s remarks about a stan¬ 
dard specification. If the makers of rectifiers are called 
upon to guarantee no distortion of the a.c. wave-form due 
to the presence of these odd harmonics in the primary, 
they will naturally have to increase the price of rectifiers. 
In the great majority of cases wave-form distortion will 
not matter, and therefore I think that that provision 
should be left out of any standard specification which 
may be drawn up. 

Similar remarks apply, of course, to the d.c. side, 
though with less force, because the means of eliminating 
the even harmonics on the d.c. side are very much simpler. 
■Generally these even harmonics on the d.c. side do no 
harm, and do not interfere with communication circuits. 
With regard to the alleged necessity of having circuit- 
breakers of larger breaking-capacity for rectifiers than, 
dor example, for rotary convertors, I believe this to be a 
myth. I believe it arose from the fact that the original 
.circuit-breakers were not rated with the scientific 
accuracy with which modern circuit-breakers are rated. 
If the required rating of the circuit-breaker be calculated 
in both cases according to the constants of the circuit, 
a circuit-breaker with that rating can nowadays be used 
with success. 

I should like to refer to the question of the 12-phase 
-transformer. The 12-phase transformer naturally gives 
a smoother d.c. output than the 6-phase, but it does not 
eliminate the necessity of smoothing equipment on the 
,d.c. side if an absolutely even d.c. output is required. 


I think that the 12-phase transformer is a risky thing to 
introduce. The rectifier-transformer installation even 
for 6-phase working is complicated enough, and if we 
accept the added complication of 12-phase, what we gain, 
if we gain anything at all, will be entirely obliterated by 
the lesser reliability of the 12-phase transformer. 

Mr. E. Gallizia: I have only one criticism of the 
paper, namely that it makes insufficient reference to the 
application of mercury-arc rectifiers to large-capacity 
electrolytic plants, of which, as a rough guess, there must 
be some 500 000 kW in service. 

With regard to the Marx rectifier, 4 years of continuous 
development work showed the main difficulty to be that 
of electrode wear, and until this difficulty is removed the 
chance of such rectifiers becoming competitive with the 
mercury-arc rectifier for voltages up to 3 500 volts (d.c.) 
is somewhat remote. With further increase in voltage, 
as the current for a given kilowatt output is reduced, the 
problem of electrode wear is simplified, and for very high 
voltages—up to 300 kV—it would appear that the Marx 
rectifier is the only practical solution. 

Coming now to a comparison of the glass-bulb, pump¬ 
less air-cooled steel, and water-cooled rectifiers, biased 
opinions have led to sweeping statements that one or 
other is the ideal type of convertor. My opinion is that 
at the present state of development there is still room 
for all three types. For very large currents there is still 
a great deal to be said in favour,.of the water-cooled 
unit, whilst at the other end of the range the glass-bulb 
rectifier has given good results. Between these two 
limi ts there is a range which is best served by the pump¬ 
less steel rectifier. 

In a general way, the pumpless rectifier is undoubtedly 
the correct line of development, and the range of applica¬ 
tion will depend on a number of factors such as the range 
of size of the individual units, loading and climatic con¬ 
ditions, space, and, as Mr. Fairburn points out, capital 
cost. So far it has only been possible to find two 
criticisms of the pumpless rectifier: first, that it is heavy 
and less easy to handle than the glass bulb; and secondly 
that it is not transparent, so that it is not possible to see 
what is going on inside the vessel. If these points are to 
be treated seriously then it can be said that any increase 
in weight results in the rectifiers being better able to 
carry abnormal short-period overloads, and the fact that 
the walls are opaque means that no objectionable light 
is emitted. It would appear that, in the case of glass- 
bulb units, steps should be taken to ensure that no light 
is emitted from the station, in case of attack by aircraft. 
Furthermore, it is clear that glass bulbs may be damaged 
even by indirect hits. Great robustness of the pumpless 
type of rectifier can be achieved provided seals of the 
type referred to in the paper are used, which, in addition 
to having high electric strength, show remarkable 
resistance to mechanical and thermal shock. 

The present state of development of the rectifier makes 
feasible and desirable the preparation of a standard 
specification, which should include details of the method 
of carrying out the acceptance tests. Tentative. pro¬ 
posals for such a specification have already been published 
abroad. 

A better general understanding of the problem of 
harmonics and interference with communication circuits 
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would be of benefit. It is not always appreciated that 
the rectifier designer has very little control over the 
harmonics in rectifier outputs, as these are mainly 
determined by the choice of the number of phases. It 
should also be borne in mind that a demand for a 
guarantee of freedom from interference in all cases can 
only result in an increase in cost, which, in view of the 
small percentage of cases of trouble, is not warranted. 
Better co-operation between all interested parties would 
no doubt be an advantage to all. 

Mr. T. S. Pick : The paper is disappointing in that it 
gives no more information regarding the progress of 
rectifiers of 3 000 amperes with outputs of 2 000 kW than 
was contained in Mr. Lunn's paper,* published in 1936. 
Nor does Dr. Thompson's paper mention any marked 
progress in the problem of regeneration, although regene¬ 
rative braking by means of Metadyne trains on suburban 
railways, and for braking on trolley-buses, is now in 
regular use. 

On page 442 the author hints that 3 000 amperes is the 
largest economic optimum for the water-cooled steel- 
tank rectifier. The comments I would make on this are: 
in the first place, this optimum does not appear to show 
up when the purchase prices of the various types of 
rectifier are analysed; and secondly, am I to assume that 
this optimum gives the water-cooled steel-tank rectifier 
an advantage over all other types as regards efficiency 
and reliability? Ip this connection I would ask the 
author to give more information regarding Figs. 4 and 5. 
To which point in Fig. 5 does Fig. 4 correspond ? 

Dealing with the reference to corrosion on page 441, is 
not the real cure the exclusion of oxygen from the mo lin g 
water in the initial design ? Has any further experience 
of oxidation been noted, and, if so, in what type of 
rectifier ? 

When dealing with igniter-type units on page 443 the 
author mentions the use of some grid-controlled mercury- 
vapour rectifier circuits excited from a synchronous induc¬ 
tion generator: could not the individual anodes of the 
rectifier be timed to strike by a phase-shifting trans¬ 
former, thus making it possible to dispense with the 
synchronous mechanism ? 

Is the Marx-type rectifier any nearer being a com¬ 
mercial proposition than it was when the author gave his 
previous paperf in 1934 ? Can he mention the difficulties 
which are holding it from the market ? 

In the schedules of work done on rectifier units the one 
item which is continually occurring is the maintenance, 
resetting, and renewal of the Pirani gauges; admittedly 
the insertion of vitreous enamel in the seals has improved 
matters, but the seals are still a source of. weakness in the 
water-cooled steel-tank type of rectifier. 

It is disturbing to learn from page 449 that resonance 
has been set up on certain distribution systems. The 
author says that two solutions are available: first, to 
increase the number of phases; and second, to arrange 
a phase displacement in pairs of rectifiers. This means 
that if, after the whole plant has been installed, harmonics 
become a difficulty, the solution is either rebuilding the 
rectifiers or rebuilding the transformers; both seem rather 
expensive expedients, and the first method may not 
prove satisfactory in operation. This matter of har- 
* Journal I.E.E., 1936, vol. 78, p. 123. t Ibid., 1934, vol. 75, p. 603. 


monies is very much wrapped up with the problem of 
inverted working. Has any attempt been made to 
design the rectifier transformer in two parts, so as to 
step down from the high distribution-line voltage to an 
intermediate voltage, perhaps of six or more phases, and 
then to re-transform this intermediate-voltage supply in 
rectifier transformers to, say, two or more rectifiers ? It 
would appear that by this method the harmonics could 
be cancelled out in one part of the transformation circuit, 
and that some easy form of phase-shifting could be 
devised to do away with the leading power-factor when 
the system is working inverted. 

Finally, there is the question of regeneration; the bulk 
of it in this country will deal with the movement of 
vehicles in large populated areas, and the general require¬ 
ment will be the acceptance of regenerated current at 
each substation, in order to avoid dangerous voltages. 
The installation of a separate rectifier at each point is 
precluded on economic grounds, nor is the necessary 
space generally available in built-up areas, so that a true 
forward and invertible rectifier is urgently required. 

Mr. J. C. Read: The author refers to the grid-con¬ 
trolled 3 000-volt rectifiers, for compounding and inver¬ 
sion, which were recently built under the direction of 
Mr. F. P. Whitaker and installed on the Natal Section 
of the South African Railways. As that installation is 
the largest of its kind in the world and is likely to be of 
importance with a view to future railway electrification 
schemes, it may be of interest to give some particulars 
of the operating results. The main connections are 
shown in Fig. A, from which it may be seen that two 
rectifier tanks operate normally in parallel as rectifier 
and invertor respectively, but by means of change-over 
switches either is made available as a spare for rectifier 
working. Fig. B shows the arrangement of the scheme 
as a whole. 

Perhaps the most important point that had to be 
determined by service experience was the degree of 
reliability obtainable with invertor equipments under 
severe conditions. Whereas with rectifiers a momentary 
drop of a.c. supply voltage produces merely a harmless 
drop of load, -with invertors the maintenance of the a.c. 
voltage is essential to the commutating process at every 
anode, and failure to commutate results in a short-circuit. 
This line passes through some of the worst country in 
the world as regards lightning, and it might therefore 
be expected that interruptions on the invertors would be 
more numerous than on the forward-operating equip¬ 
ments. With these conditions in view, the invertor 
equipments were designed to have the maximum reason¬ 
able degree of stability. Experience has shown that 
lightning and switching surges produce considerably 
less effect on the invertors than might have been antici¬ 
pated; the interruptions on the invertors have been 
negligibly few and not greater than on the rectifiers. 

The 88-kV lines feeding the two sections of the system 
are each about 180 miles long, and this length of trans¬ 
mission line introduced another problem, in that it was 
essential that the phase of the grid voltage should follow 
that of the anode voltage instantaneously, in the event of 
any phase-swinging of the voltage at the end of the long 
transmission line. Failure to do this would result in 
large swings of circulating current, and possible hunting 
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and short-circuiting. The grids were accordingly sup¬ 
plied by peaking transformers, substantially as shown in 
Fig. 10, as the best method of meeting these require¬ 
ments. This arrangement has proved very successful. 
The rectifiers and the invertors work with perfect steadi¬ 
ness with this control, even when tried on a hunting a.c. 
system, and unbalances or distortions of the a.c. voltage 
fail to disturb the satisfactory working of the sets. 

In order to give the fiat compound characteristic 
required in both directions of operation, it was necessary 
that the shift of the grid voltage with load should be 
non-linear, and different according to whether the set 
was working as rectifier or as invertor. The phase-shift 
is accomplished by an induction regulator operated by a 
torque motor, and the special characteristics are obtained 
by a combination of shunt-field and armature-current, 
control on the torque motor, one of the armature rheo¬ 
stats being operated by the motion of the phase-shifter. 
The flat compound characteristic in both directions, 
within the limits of the system stability, is successfully 
obtained; and the speed of response is ample. The con¬ 
nection shown in Fig. A, which is equivalent in its effect 
to the equalizer connection used with compounded 
rotating machines, enables the two flat-compound equip¬ 
ments to work in parallel without any instability of the 
circulating current. 

The Durban section of this system, which carries the 
heavier loads, has been working fully electric for about 
18 months. The Volksrust section has been working for 
about 6 months (but with a few steam trains still in use 
owing to shortage of electric locomotives). Very heavy 
loads have been carried at times; Fig. C is an example of 
this, and of the easy transition from rectifying to invert¬ 
ing and vice versa. No major troubles have been 
encountered in the apparatus as supplied; and, while the 
planning and use of this type of equipment does involve 
considerably more problems than an ordinary rectifier 
system, this installation has established the fact that 
the largest systems can be equipped with substations 
of this kind with assurance of entirely satisfactory 
operation. 

It does not follow that the cost and complication of such 
equipments is justified in all cases where regenerative 
braking is employed; this naturally depends on the cost 
of energy and on the contour and traffic conditions on the 
line. In the case of the South African equipments the 
long gradients and the intervals between trains result in 
the regenerated energy at the substations being easily 
large enough to justify the use of invertors. 

Mr. A. M. Browne: Fig. 4, giving the arc drop on 
rec tifi ers at full load in relation to their size, emphasizes 
one of the main factors which has helped the development 
of the glass-bulb rectifier. The curve shows an increase 
in arc drop from 20 volts for a 500-amp. unit to 25 volts 
for a 3 000-amp. unit, and 30 volts for a 5 000-amp. 
unit. Therefore, if a 3 000-amp. equipment is made up 
with six 500-amp. units instead of one large steel-tank 
rectifier, a saving of about 15 kW is effected in arc drop: 
and even if we allow an extra 3 kW in respect of fans or 
exciters, the overall efficiency will still be 1 % higher 
with a 6-unit equipment as compared with one large unit. 
With a 5 000-amp. equipment the difference becomes still 
greater, and a 10-unit equipment would have an efficiency 
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approximately 2 % greater than that obtained with one 
large steel-tank rectifier. 

Moreover, the multi-unit construction of air-cooled 
rectifiers increases the overall reliability, as each unit acts 
as a standby to the others. Furthermore, it has been 
found that the best way of obtaining an effective increase 
in anode area is not to increase the size of the anodes 
but to multiply them. With a steel-tank water-cooled 
rectifier the number of anodes is accordingly increased 
to 12, 18, 24, or more according to the capacity of the 
tank: but whereas a 3 000-amp. equipment would be 
made with probably 12 anodes, air-cooled bulb-type 
equipments would have six arms per 500 amp. (approxi¬ 
mately), or 36 arms in the case of a 3 OQO-amp. group. 
This enormous effective anode area which is obtained 
with multi-unit banks ensures avoidance of hot-spots and 
also a small arc-drop. 

These advantages of reliability and efficiency might at 
first appear to be gained at a sacrifice of space, but such 
is not the case. In this connection the comparison in 
Fig. 13 of the amounts of space taken by different types 
of rectifier equipments is misleading, because where space 
is important the glass-bulb units can be banked in two 
tiers. With this construction the height is no greater 
than that of a steel-tank equipment, and the floor area 
occupied by the glass bulbs is accordingly reduced almost 
by half of that shown. Experience indicates that with 
equipments of outputs up to 3 000 kW at 600 volts the 
steel-tank rectifier has no advantage in regard to space 
when the auxiliary equipment required to be accom¬ 
modated with the steel-tank plant is taken into con¬ 
sideration. 

The paper suggests that for ordinary capacities on 
traction circuits and on many power circuits the water- 
cooled rectifier is becoming obsolete: and this tendency 
will tend to accelerate, for only on the largest capacities, 
such as are required for electrolytic and other special 
process work, can steel-tank equipments show an ad¬ 
vantage in the matter of space and cost. All the other 
advantages, i.e. efficiency, reliability, and freedom from 
auxiliary gear, lie with air-cooled equipments. This 
being so, the choice of. rectifier plant for most purposes 
will tend to narrow itself down to the two types of air¬ 
cooled mercury-arc rectifiers. 

Now, if we follow logically the figures given by the 
author we must admit that the steel-bulb rectifier can 
only be developed economically at the sacrifice of certain 
advantages retained by the glass-bulb equipment. Tak¬ 
ing a steel-bulb and a glass-bulb rectifier of the same 
capacity, it has been found that with a steel bulb it is 
necessary to make the arc path longer, with the result 
that the steel bulb has a slightly higher arc-drop for the 
same capacity. If an equipment of a given capacity is 
made with a smaller number of steel bulbs than the 
corresponding number of glass bulbs, then there will be 
a sacrifice of efficiency in the case of the steel-bulb 
rectifier because the arc drop in the case of the larger- 
capacity bulbs will be still greater. There will also be a 
sacrifice of reliability, because the number of anodes and 
the number of units in the substation will be accordingly 
reduced. 

It is not correct to say that the glass-bulb unit in its 
present size represents the highest capacity for which it 
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can be economically or reliably developed, but at the 
present stage of knowledge of the rectifier there is no 
technical advantage in increasing the size of the glass- 
bulb unit, any more than there is in developing a steel- 
bulb rectifier with a larger capacity than the present 
glass-bulb capacities. In both cases the development is 
achieved at the expense of efficiency and reliability 
without a sufficient compensating economic advantage. 

A comparison of the robustness of the two types of 
air-cooled rectifiers seems at first to favour the steel-bulb 
rectifier; but in comparing the two types one should take 
into consideration the weakest link in both, which is tire 
seals. The vitreous-enamel seals used with the steel 
type of bulb have proved successful, but no more so than 
the seal used with the glass-bulb type. The latter is 
made up of a glass with the same coefficient expansion 
as the lead-in wire, and it therefore forms at once the 
simplest and the most efficient type of seal imaginable. 
It can be made as long as desired and is incomparable 
from an insulation point of view, as, of course, the whole 
body of the bulb is an insulator. 

Reference is made in the paper to the fact that the 
vitreous-enamel seal can withstand a temperature of 
120° C., although in actual service it is never called upon 
to withstand more than 40-80° C. The seals employed with 
glass-bulb rectifiers can withstand much higher tempera¬ 
tures than this, and are in fact subjected to temperatures 
of 400° C. during the manufacturing process. The heat- 
resisting glass of which the bulbs are generally made does 
not begin to melt under 1 000° C., whereas the tempera¬ 
tures under which it has to work in normal operation are 
never greater than about 250° C. What is mainly wanted 
of the material of which the bulb or container is made is 
that it shall be able to maintain a vacuum, and for this 
no better material is available than glass. 

Reference has been made by Mr. Fairbum to the 
rupturing capacity of e.h.t. switchgear controlling recti¬ 
fier plant; it has been the practice with glass-bulb recti¬ 
fiers to settle the rupturing capacity of the controlling 
e.h.t. switchgear according to the e.h.t. system require¬ 
ments only, and this course has proved satisfactory from 
both the theoretical and the practical point of view. 

The possibility of light emerging from the substation 
windows where glass-bulb rectifiers are installed was 
referred to by Mr. Gallizia in relation to air-raid precau¬ 
tions ; but many substations have no windows, and where 
there are windows there is no difficulty in screening them 
to prevent light showing outside. An interesting point 
which arises from this is that the transparency of the 
glass-bulb rectifier enables an inspector to check the 
correct functioning of any glass-bulb plant visually and 
in a matter of minutes, whereas an inspection of a plant 
having opaque bulbs requires measurements and a con¬ 
siderably longer time. 

Dr. Garrard has referred to the difficulty of making 
12-phase-connected equipments; this has not been 
borne out in practice with glass-bulb rectifiers; Over 
200 000 kW of glass-bulb rectifiers connected in this 
way have been installed. 

Mr. G. Henderson: At the bottom of page 438 the 
author suggests that the modem tendency is to employ 
a number of smaller units in parallel rather than a large 
single unit; is not this remark contradicted by the state¬ 


ment at the end of the paper that many installations have 
rectifier plants of 2 500 kW ? 

The author suggests that the steel-tank rectifier has 
not advanced in size. The number of 600-volt 2 500-kW 
sets employed in traction work is over 100, but on the 
Continent there are many sets working at 8 000 amp. 
on electrolytic work. 

The question of the pumpless rectifier interests me 
because experience on traction work, where the load 
is very intermittent in many cases, suggests that the 
vacuum will last for a number of years without the use 
of the pump. Has the author had any experience of 
running these steel pumpless sets for long periods 
(8-10 hours) on ordinary industrial work at full load ? 

He mentions that rectifiers are reliable in operation at 
temperatures down to 5° C., but what is said elsewhere in 
the paper with regard to high-speed circuit-breakers and 
arc-suppression for steel switchgear rather throws doubt 
on his statement. I should therefore like the author to 
expand this point a little. 

I cannot see how good overall efficiencies could be 
obtained in the case of a rectifier working on 500-600 
volts, with the arc drops shown in Fig. 4. 

Dealing with grid control and arc suppression, I am 
afraid the author confines his remarks too much to voltage 
variation, frequency variation, and regenerative control. 
He seems to suggest that grid control, or the polarized 
grid, has done nothing to help forward the design of 
rectifiers. I agree that the external appearance of 
rectifiers has remained the same, but grid control and 
regenerative control have had a great influence on the 
internal design. 

The author suggests that the use of grid control means 
that the equipment must be de-rated, but my own experi¬ 
ence is that with proper design one can increase the rating 
when grid control is incorporated. I should be glad of 
some further explanation of the oscillograms in Fig. 11. 
The use of grid control for dealing with short-circuits on 
the d.c. side is not its most important application: the 
important application is the rapid prevention of a cut-off 
when a backfire occurs. 

Mr. H. C. Harris: With regard to the pumpless 
steel-tank rectifier, I should like to ask the author whether 
special alloy steel is used to obtain airtightness, and also 
whether the thickness of the tank of this type of rectifier 
has to be increased beyond that of ordinary tank rectifiers. 
Also, is the direction of the grain of the steel important, 
and should it be at right angles to the pressure of the 
atmosphere ? I should like to know what tests are made 
for airtightness in the case of the pumpless rectifier, 
before it is put into service. 

When repairs are necessary to the steel-tank rectifier 
a considerable amount of time has to be spent in taking 
the plant to pieces and afterwards baking it out. In the 
case of the glass-bulb rectifier, on the other hand, all that 
is necessary is to get a spare bulb from the makers. 

Finally, I should be interested to learn something of 
the comparative costs of the three types of mercury-arc 
rectifier. At what size does the water-cooled steel-tank 
rectifier become cheaper than either of the other types ? 

Mr. J. North: Regarding Mr. Browne's suggestion 
for installing glass-bulb rectifiers in double tiers, one 
objection to this is that it would make the sets so high 
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that it would be necessary to have some kind of light 
crane to lift the valves into position, and, generally, 
access would be rather difficult. I would rather suggest 
that larger units should be used. Taking our own 
standard sizes of bulbs; which will carry an overload 
of 50 % for 1 hour, 6 units would occupy a floor space 
slightly less than that taken by the pumpless type of 
rectifier for an equal total capacity. 

With regard to the high-voltage glass-bulb rectifier 
referred to on page 439, I should like to know why the 
author mentioned 9 anode arms. I suppose there is some 
phenomenon which necessitates a change in the number 
of arms, but I have had no experience of the larger 
number of arms, for general purposes. I have, however, 
had experience of high-voltage rectifiers for use on wireless 
transmitting gear working at 15 000 volts and 50 amperes, 
with grid control, and no difficulty was encountered in 
connection with the 6-arm valves employed. 

I should also like to know why the author says that the 
anode has a short life owing to corrosion of the electrodes. 
Does he not use a graphite anode, as we do ? 

Mr. B. Wood ( communicated ): Doubt has been cast 
in the discussion on the fairly general belief that mercury- 
arc rectifiers are liable to stress the a.c. breakers more 
highly than do rotary convertors of equal rating. It has 
been suggested that this impression is due to the breakers 
not having been capable of their rated duty. This is no 
doubt true in many cases, but is irrelevant since the 
breakers which behaved satisfactorily on rotary con¬ 
vertors were presumably equally over-rated. There is 
ample experience of very considerable over-voltages 
being impressed on the a.c. and d.c. sides, owing to 
rectifiers backfiring. 

A few years ago, two large rectifiers when first installed 
gave rise to a number of backfires which definitely over¬ 
stressed the oil circuit-breakers. These were of a size 
which was considered adequate on the basis of experience 
of rotary convertors. They were afterwards replaced 
by larger breakers of the same type. At the same time a 
Continental tested breaker of much smaller physical 
dimensions was connected in series and set for instan¬ 
taneous tripping. This certainly cleared the faults, but 
at the expense of causing flashovers outside the breaker. 
In one case a^flashover took place over a distance of 
24 in., which, on a 6-6-kV system, seemed to imply a 
formidable over-voltage. At the time no rational ex¬ 
planation could be given. 

A theory which fits the facts has since been offered, 
as follows: The clearance of a backfiring rectifier from the 


d.c. and a.c. supplies by the respective breakers does not 
immediately cause the arc to go out. A local circuit 
remains in which a current can circulate, as shown in 
Fig. D. The inductance of the transformer circuit causes 
the firing anode to continue to discharge into the back¬ 
firing anode for some time. The decrement is determined 
by the time-constant of the local circuit, which may be 
very high in a large unit with an interphase transformer. 
The current finally falls to a value insufficient to maintain 
the arc, whereupon an unstable point is reached and the 
arc suddenly snaps out. The very rapid fall of current 
induces a high e.m.f. in the transformer winding, in view 
of its high inductance. An e.m.f. corresponding to the 
turn radio is induced in the primary winding on the same 
limb. If this takes place just after the breaker has inter¬ 
rupted the a.c. arc, the induced impulsive voltage may 

.1 ! I 



break down the gap and the rupturing duty may be 
materially increased. If it is so long delayed that the 
breaker has already opened, a flashover may take place 
from any open connections, or, in high-voltage rectifiers, 
the anode or other cables may be punctured. 

One remedy appears to be to connect sufficient capaci¬ 
tance on the transformer primary side, e.g. by the use of 
sheathed cables and ironclad switchgear. The employ¬ 
ment of a delta connection for the transformer primary 
may assist by providing a path, albeit one of high 
impedance, for the surge discharge. Surge arresters con¬ 
nected across the transformer terminals should also be 
of use, provided they are of the modem type with very 
short time-lag, and not of the conventional horn-gap 
design, which appears to be quite ineffectual. 

[The author's reply to this discussion will be found on 
page 468.] 


NORTH-EASTERN CENTRE, AT NEWCASTLE, 28TH MARCH, 1938 


Mr. J. C. Read : The last three years have been note¬ 
worthy for the placing of several large contracts for 
railway substation equipments. These contracts, which 
have been open to international competition and have 
been mainly for 3 000-volt equipments, have included 
the electrification of the Durban to Volksrust section 
of the South African Railways {36 000 kW); the 
Warsaw suburban system of the Polish State Railways 
(29 000 kW); the Central Railways of Brazil (15 000 kW 
initial, 35 000 kW ultimate); the Johannesburg suburban 


system (33 000 kW); and a number of smaller contracts. 
About 90 % of this business was secured, in the face of 
world-wide competition, by British makers. These large 
3 000-volt installations are now all installed and are 
giving good service. 

With regard to the water-cooling of rectifiers, I think 
the author is altogether too pessimistic in his reference to 
the dangers of pinholes. We do not employ protective 
coatings such as might encourage pinhole corrosion, and 
we have never had a pinhole, or any other appreciable 
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corrosion, in a -water jacket, either in the -works or in 
service. I think it is perfectly feasible to provide recti¬ 
fiers with trouble-free water-cooling systems. 

It is frequently stated that rectifiers equipped with arc 
suppression are superior to rectifiers not so equipped. I 
do not think this is correct; arc suppression has its value 
for reducing the shock on the a.c. system and for lowering 
the maintenance costs on circuit-breakers, etc.; but, so 
far as rectifiers are concerned, I believe that for a given 
size and rating a rectifier without arc suppression has a 
performance equal to or better than that of one so 
equipped. The Continental tendency appears to be to 
equip rectifiers with arc suppression so as to render back¬ 
fires innocuous when they occur; the tendency here is 
rather towards keeping the plant as simple as possible 
and directing endeavours to making the number of 
bac kfir es negligible. This policy is meeting with some 
success, as indicated by the fact that at present we can 
instance complete contracts where large numbers of sets 
of the highest voltages and most extreme ratings have 
been in normal service for a year or more and where 
there has not been a single backfire. 

I think this tendency to simplification might well be 
pushed further in the case of the water-cooled rectifier. 
Many of the auxiliary devices often fitted on these recti¬ 
fiers can, with suitable design, be eliminated. Examples 
are the various thermostatic and other valves in the 
water circuit, all of which are easily avoidable; the 
vacuum relay (and the Pirani gauge, which, without the 
relay, has no justification), which either “ locks the stable 
door after the horse has gone" by waiting for the 
vacuum to be impaired before it starts the vacuum pump, 
or trips the plant off load at a vacuum limit that has 
no connection whatever with whether a backfire would 
have occurred; the fore-vacuum relay, which controls 
a vacuum pump that is more simply and reliably con¬ 
trollable in other ways; and the barometric seal and 
various thermostats, which seek to provide against 
faults that should be corrected at the source. With 
proper design all these devices, which unnecessarily 
complicate the water-cooled rectifier, can be omitted 
without sacrifice of reliability. 

Mr. E. Gallizia: It has been stated that a metal 
rectifier is less efficient than a glass-bulb rectifier owing 
to losses taking place in the conducting walls. There 
seems to be no theoretical justification for such a state¬ 
ment, and experiments have shown it to be unfounded. 

With regard to glass-bulb rectifiers, Mr. Brown pointed 
out in the London discussion that, as the size of the bulb 
is increased, the losses also increase owing to the necessity 
of increasing the length of the arc path, and that there¬ 
fore, apart from other considerations, the limit of size 
appears to be about 500 amperes. In this connection it 
should be pointed out that the arc drop is not entirely 
dependent upon the length but also depends on the cross- 
sectional area of the arc path, so that in a steel unit, 
owing to the much greater latitude in determining the 
proportions without introducing any mechanical weak¬ 
ness, the arc drop can - be maintained well within 
economical limits. 

Liquid-cooled pumpless rectifiers can be made, but 
owing to the simplicity of air-cooling over liquid-cooling, 
air-cooling should be exploited to the utmost. 


Future developments in mercury-arc rectifiers may 
result in further reduction of the arc drop; but this is 
not of such great importance for the higher traction 
voltages, as a 3 000-volt rectifier cylinder already has an 
efficiency of 99 %. 

There are a number of water-cooled steel-tank recti¬ 
fiers in this district, and it would be interesting to hear 
of the results obtained with them. 

Mr. G. Lintott: The section of the paper dealing with 
experimental types is of particular interest, and it would 
appear that in the course of a year or so the mercury-arc 
rectifier may have a serious competitor in one or other 
of the non-vacuum types. 

The author has been very frank and fair in his treat¬ 
ment of grid control, and his remarks should enable us 
to view the grid-controlled rectifier in its right perspective 
in relation to uncontrolled rectifiers and other converting 
plant. Considering one use of grid control, namely that 
of d.c. voltage regulation, the a.c. line volt-amperes 
input is constant for a given d.c. output (neglecting 
secondary effects), while the d.c. voltage may be varied 
by altering the angle of ignition. It follows that the 
supply power-factor is directly proportional to the d.c. 
voltage, and hence to the cosine of the ignition angle. 
If secondary effects, such as overlap, etc., are considered, 
lower values of power factor result. It seems to me, 
therefore, that where a voltage regulation of 10 % or 
more is required the uncontrolled rectifier with tap¬ 
ehanging on supply transformer will, from the standpoint 
of supply power-factor, be superior to the grid-control 
method of voltage regulation. 

In connection with the question of arc suppression, 
dealt with on page 448 and in the oscillogram (Fig. 11), 
the author states that the shape of the grid characteristic 
is one reason for the difficulty in dealing with heavy 
overloads on backfire. I am not clear why that should 
be. I should like him to enlighten me on this point and 
also explain why the grid-current curve in the oscillogram 
has the shape shown. 

I should also welcome the author’s opinion on a diffi¬ 
culty I have experienced in measuring anode input to a 
6-anode 5-kW 260-volt glass-bulb rectifier. This recti¬ 
fier is fitted with grids, though these were not in use in 
the test described below. The transformer was in delta- 
double-star, with interphase transformer. Wattmeters 
indicated steady primary input, the d.c. voltage and 
current output was steady, but the anode input showed 
a slow pulsation. This was measured by a wattmeter 
with its current element in the lead to the anode and its 
pressure element between the mid-terminal of the inter¬ 
phase transformer and the anode. I do not know whether 
this anode-power pulsation is peculiar to the rectifier 
described, or whether it is characteristic of all 6-anode 
rectifiers operating double 3-phase. If the latter is the 
case I should like the author to suggest reasons for it. 
An interesting point in connection with this is that the 
use of current transformers for measuring anode currents 
and anode input-power is the source of very large errors; 
they should not be used. I am wondering what is 
the right kind of instrument to’use for such measure¬ 
ments. 

The paper deals with the progress made in power 
rectifiers. One is tempted at times to think that the 
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power rectifier is following the same route as the radio 
valve, where the diode was succeeded by triode, tetrode, 
etc., and has, I think, now arrived at the octode stage. 
From Fig. 10 it appears as if we have reached the tetrode 
stage in the power rectifier. I should like the author’s 
assurance that there will be no further increase in the 
number of grids. Presumably, if in naming the rectifier 
we adopted the same procedure as that used for the radio 
valve, we should call the uncontrolled 6-anode rectifier 
a heptode. 

Mr. R. J. H. Beaty : I should like to ask the author 
what current the air-blast type of rectifier is capable of 
dealing with continuously at 100 kV (d.c.). 

Mr. W. A. A. Burgess: I am interested in the 
statement at the bottom of page 437 regarding the low 
cost of rectifiers, and I should like to know what cost 
per kW the author considers to be low. 

With regard to pumpless metal-cased rectifiers, are 
the containers of metal only or are they covered with 
some material to render them vacuum-tight ? 

Can the author give us any idea what percentage of the 
output voltage should be applied on the grid to prevent 
the arc from striking prematurely when using grid 
control ? 

Mr. W. A. Royle: Mr. Gallizia has asked whether 
anyone would give their experience with steel-tank recti¬ 
fiers. The Sunderland Corporation, in December, 1935, 
installed two 1 500-kW steel-tank rectifiers converting 
from 5 000-volt 50-cycle 3-phase current to 550-volt 
direct current. These rectifiers have now been in con¬ 
tinuous operation for 2| r years. The guaranteed effici¬ 
ency was 93—94 % according to the load, and on test 
these efficiencies were all improved upon. 

Under actual running conditions covering 18 hours per 
day (for a proportion of which time the rectifiers are operat¬ 
ing on a very light load) the average efficiency is 93 J %. 
The rectifiers are not fitted with grid control, and, apart 
from the ordinary attendance given by the substation 

SOUTH MIDLAND CENTRE, AT 

Mr. J. A. C. King : Some time ago I saw a compara¬ 
tively small rectifier which had a very interesting and 
.•simple ignition system. It consisted essentially of a side 
tube which had its orifice near the surface of the mercury 
pool but just below it. There was a thin neck of mercury 
between the main pool and this side tube. The ignition 
method consisted in sending a heavy current from the 
■mercury in this side tube to the main pool. The com¬ 
paratively small thread of mercury over the glass ridge 
between these two larger bodies vaporized and caused a 
hot spot, and the main anodes took up duty. I should 
like to ask the author whether this method is practicable 
•or has been used for the larger units. 

Mr. J. W. Gibson: The possible advantages of d.c. 
•tr ans mission, using rectifier equipment, are well known. 
Will the author therefore summarize the disadvantages 
which lead him to think that there is no future for such 
.a system ? 

Why is it necessary to use auxiliary valves for the 
ignition of Ignitrons ? Are these valves used simply 
for controlling the number of half-cycles of a weld, or are 
they still necessary if the rectifier is to run continuously ? 


attendant in cleaning and seeing that the relay contacts, 
etc., are in working order, and also that the high-speed 
circuit-breaker contacts are clean and the cooling-water 
system is topped up, no repairs of any kind have been 
necessary and we can fairly state that during their 2\ years 
in commission there has been no expenditure on repairs. 
The makers advised lifting the tank from the water 
jacket once a year in order to inspect the conditions. 
This has not been done; and as there is no indication of 
increased heating on the tank case and treated distilled 
water is only used in the closed cooling circuit, I do not 
propose to lift the tank as I feel that it can safely be 
left for several years. 

Each rectifier is fitted with a tuned filter circuit, and 
there has been no complaint of interference with wireless. 
Also, there has not been a single interruption in the 
supply since the rectifiers were put into commission. 

Under normal conditions the rectifiers run on approxi¬ 
mately load, but on Bank Flolidays when there is 
heavy traffic to the seaside, and on football Saturdays, 
the rectifiers have carried up to 25 % overload without 
showing any signs of overloading, and the attendants 
are only made aware of the overload by the meter and 
demand-indicator readings. 

The main rectifiers would appear to be absolutely 
reliable and require no attention, and my only comment 
is that it would be better if such a reliable piece of plant 
did not have attached to it so many protective relays, 
including the automatic gear for switching on and off the 
cooling fans and vacuum pump. 

From the reliability of the sealing, the backing-vacuum 
pump appears to be an unnecessary auxiliary. This 
pump is controlled by a time switch and operates for 
5 minutes four times per day, but there is no indication 
that it is actually required to maintain the vacuum. 

[The author’s reply to this discussion will be found on 
page 468.] 

BIRMINGHAM, 4th APRIL, 1938 

Both of the author’s oscillograms of fault suppression 
by grid control (Fig. 11) show a small reverse current 
before final extinction. What is the cause of this ? 

Mr. W. F. Baker: There are two questions I should 
. like to ask. 

First, I should be interested to know what is the most 
important condition of distress which determines the 
overload capacity for the various types of rectifier. 

Secondly, with regard to the pumpless air-cooled steel- 
tank rectifier, one great advantage of this appears to be 
its suitability for operating in countries where extremely 
low temperatures are experienced. Further, the possi¬ 
bility of preheating the air blast (which could be done very 
quickly) should facilitate starting and reduce the chance 
of backfiring. In tropical countries, on the other hand, 
it would be interesting to know whether, by-cooling the 
air blast, any substantial increase in full-load rating can 
be secured. Temperature control of the air blast seems 
to offer much scope for investigation, and I should be 
glad to know what has been done in this direction. 

Mr. A.N. D. Kerr: I should like to ask the author for 
more information regarding d.c. voltage ripple. It is well 
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known that voltage ripples can cause difficulty on d.c 
mac hin es, and in many installations these ripples are the 
cause of rapid brush wear. This question of voltage 
ripple was brought home to me forcibly when a small 
motor, of about -g- h.p. at 1 400 r.p.m., was supplied to 
drive a compressor running at 250 r.p.m., which is a very 
low speed for a compressor; and although the motor was 
well within its loading, as shown by ammeter readings, 
brush wear was excessive. An oscillograph record was 
taken, and revealed that the brushes were carrying more 
current than the main current shown by the ammeter, 
owing to the pulsating load from the low-speed com¬ 
pressor. I should like to know to what extent rectifieis 
are responsible for brush wear in d.c. machines. 

Mr. A. Manighetti: The author mentions the neces¬ 
sity for switches of a higher rupturing capacity for the 
control of the high-voltage side of rectifier transformers 
than would be normally used for other types of plant of the 
same nominal kVA capacity. We know that this is due 
to the magnetization of the transformer core by the heavy 
d.c. component resulting from a backfire. The author 
states that in some cases this has resulted in an increase 
of as much as 50 % in the MVA rating of the switchgear; 
that is to say, where normally we could use a switch rated 
at 150 MVA we should have to increase the rating to 
250 mVA. In my opinion this is a great disadvantage, 
and I should have thought it possible to find means for 
reducing the effects of a backfire. Could the author 
give us some means of arriving at the switch rating ? 

My second point is in connection with errors in meter¬ 
ing on the d.c. side of rectifiers due to the ripple, and in 
current transformers, instruments, etc., on the a.c. side 
due to the harmonics. In the case of power-factor 
measurements in rectifier circuits we have to consider a 
distortion factor as well as the displacement factor 
(cos <f >); what is the extent of the error in an indicating 
power-factor meter ? It appears to me that with the 
increased use of rectifiers in railway electrification the 
rectifier plant oil a system may well form a large per¬ 
centage of the total load, in which case errors in metering 
may become serious. 

Lastly, I should be glad if we could be given some idea 
of the cost per kilowatt of the various types of rectifiers. 

Mr. E. Gallizia: It is rather surprising that, although 
for 30 years there have been available steel-tank rectifiers 
with vacuum pumps and glass-bulb rectifiers without such 
pumps, only within the last 3—4 years has there been 
available a pumpless steel rectifier. It has not been a 
case of not appreciating the advantages of such a rectifier; 
early investigators discovered difficulties due to porous 
material and bad welding and, of course, there was not 
available a perfectly vacuum-tight seal which was at the 
same time highly insulating and very strong mechanically. 
Another reason for the delay in the development of the 
pumpless rectifier was that the invention by Dr. Gaede 
of the mercury-vapour diffusion pump, with its great 
increase in pumping speeds, led investigators to take the 
path of least resistance and fit all steel rectifiers with 
pumps. 

Referring to the arrangements for a 2 QOO-kW sub¬ 
station shown in Fig. 13, the present stage of develop¬ 
ment of the pumpless rectifier shows that it is possible to 
deal with 500 kW in one cylinder. 


There is a tendency on the Continent to specify lower 
overloads for glass-bulb equipments than for steel-tank 
rectifiers, on the basis that the inherent overload of glass 
bulbs is much smaller. On this basis the pumpless steel 
rectifier should have further intermediate overloads. 
Bearing in mind, however, that the buyer is more in¬ 
terested in the result than in the inherent characteristics 
of the individual units, there seems little point in doing 
this, particularly as it is only fair to compare performance 
on the same basis of overload. Thus, a standard specifi¬ 
cation should call for the overloads which are dictated by 
the type of service, such as industrial, light traction, and 
heavy traction, and not by the type of plant. 

Mr. J. H. Patterson: One of the great disadvantages 
of early rectifier plants was their instability, shown by 
frequent backfires. The phenomenon to which I refer 
was one in which an anode developed a hot-spot and 
started to emit an electronic stream, thus converting 
itself to a cathode into which the other phases fed, caus¬ 
ing a dead short-circuit across the secondary side of the 
main transformer. I am of the opinion that no circuit- 
breaker yet constructed, either h.t. or l.t., could operate 
with sufficient speed to clear such a fault without, involv¬ 
ing other rectifiers running in parallel. I should be glad 
to know what improvements have been made to obviate 
this trouble. 

As regards the pumpless type of rectifier, in the old 
days trouble was experienced in obtaining a reasonable 
vacuum, and after a flashover a pump was of considerable 
use when the work of re-forming the anodes was in pro¬ 
gress. I should like to know whether, should such a 
flashover take place on a modem pumpless rectifier, the 
anodes have to be re-formed; and, if so, what method of 
procedure is adopted. 

The advantage of the glass-bulb rectifier over its steel- 
cylinder prototype is that, should trouble occur in one 
cubicle, it is possible for other rectifiers running in parallel 
to maintain supply while the damage is being dealt with; 
whereas, with the steel-cylinder type, a large-capacity 
unit is put out of operation. A disadvantage of glass- 
bulb rectifiers is that they require extremely careful 
handling, and it is my experience that after such a rectifier 
has been on load for some tune it is far more likely to 
sust ain damage in transit than would be the case if the 
bulb were new. ' 

As regards grid control, I would emphasize that this 
was in the first place designed to give fine d.c. voltage 
control such as would be possible by using an induction 
regulator, a far more costly piece of apparatus. 

The author mentions that it is desirable to install a 
special type of fuse to serve as protection in rectifier 
circuits. I think this is of paramount importance and 
that a fuse of high rupturing capacity should always be 
employed, otherwise under fault conditions the induc¬ 
tance in the circuit will cause the voltage to rise to pheno¬ 
menal values and do far more damage than would have 
occurred if the original conditions had been adequately 
cleared by a proper fuse. The ordinary type of cartridge 
fuse with bare tinned-copper element is of no use for such 
conditions as these. 

The copper-oxide film rectifier, which is at present 
coming into great favour, has the advantage that it is 
robust, qf simple construction, and has none of the 
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inherent faults of other rectifiers. The only lim it to its 
output is set by temperature-rise, and should any portion 
of the rectifier fail to function it is possible by means of 
suitable relays to disconnect it from the circuit before 
any. material damage is done. The copper-oxide film 
rectifier has an indefinitely long life, but its first cost is 
rather higher than that of the steel-cylinder and glass- 
bulb types. It is very flexible: large numbers are in use 
for plating purposes at low voltage, and units have also 
been designed and are in use for X-ray purposes, necessi¬ 
tating a d.c. voltage output of 400 000 volts. 

Mr. H. H. Taylour: The author gives the impression 
that some inherent defect of grid control has hindered its 
more universal adoption. The power-factor problem is 
admittedly a serious one in some instances, but the reason 
for the somewhat limited application of grid control is not 
so much that it does not perform up to expectations as 
that the services it can render are not required very often. 
We can take it that the various ingenious frequency- 
changers described in technical articles of (mainly) Con¬ 
tinental origin do perform satisfactorily, but we have no 
need for them in this country. The voltage regulation, 
regeneration, and arc suppression provided by grid 
control are all quite satisfactory, but they should always 
be investigated with due care in individual instances. 
The real advantage of grid control is its potential rapidity 
of operation, particularly where fluctuations have to be 
corrected in the shortest possible time. It may be 
advisable to follow it up with an induction regulator or 
tap-changer to improve the power factor, but these 
devices are notoriously slow in operation. 

Both Dr. Garrard and the author are rather pessimistic 
about e.h.t. direct-current transmission, and as things 
are at present I am inclined to agree with them. Should 
the use of cables as opposed to overhead lines become 
more general for primary transmission, and as the 
capacity of generating plant in a grid system increases, 
the advantages of the d.c. link for the shorter distances 
will be realized. The high capital expenditure in the face 
of a relatively low financial return which has to be faced 
is likely to delay its adoption, at any rate for some 
years. 

With regard to troubles due to harmonic interference, 
I should like to join with Dr. Garrard in suggesting that 
each case should be investigated on its own merits. The 
number of cases where rectifiers have given such trouble 
is very small, and the cure is generally fairly simple. It 
is worth bearing in mind that the harmonic charac¬ 
teristics of rectifier plant are generally better understood 
than are those of the most prolific of interference causes, 
namely small motors, neon signs, etc. It is a much 
simpler matter to dispose of harmonic trouble on 
the' d.c. side than on the a.c. side. Circumstances, 
however, reduce the risk of a.c. interference to negligible 
proportions in conventional rectifier applications, for the 
following reasons. The a.c. supply in the majority of 
cases in this country is given from a 3-core cable with the 
separate line-conductors in close proximity, so that for 
all practical purposes extraneous magnetic and electro¬ 
static fields are non-existent. Communication apparatus 
connected directly to the a.c. system is fitted, as a matter 
of course, with filter gear, so that trouble from this 
source is unlikely. The d.c. side is, in general, and 


certainly with traction services, much more exposed from 
the interference point of view. The fairly wide separa¬ 
tion of the live rail or trolley -wire and the return circuit 
is bound to be more productive of adverse influence on 
neighbouring communication circuits. Nevertheless, the 
ease with which the d.c. harmonics can be removed 
obviates trouble on this score. Where rectifiers are 
supplied by an overhead line, interference is quite prob¬ 
able on neighbouring parallel communication circuits. 
Such a layout is, however, likely to prove troublesome 
quite independently of harmonics, and should always be 
avoided. 

Mr. C. H. Brown : Dealing with the effects of a flash- 
over on a glass-bulb rectifier, there is no reason why a 
fracture or any damage at all should result provided that 
proper anode fuses are fitted to the bulb, and there are 
on the market several good types of fuses adequate for 
this purpose. A large bulb protected only by wire fuses 
might be damaged by a flashover, but a similar bulb 
protected by proper fuses on the anode circuits, such as 
are now recommended by the various rectifier manufac¬ 
turers, would not be affected. 

This question of anode fuses is very important: such 
fuses not only give adequate protection for each bulb 
unit but also in the case of large multi-unit banks give 
discriminating protection, in that they will protect and 
isolate only the bulb unit affected. This in turn ensures 
that the duty thrown on a high-voltage switch controlling 
the primary supply to a glass-bulb rectifier equipment is 
no greater than that of a switch controlling an ordinary 
static transformer of equivalent capacity. The rupturing 
capacity of the high-voltage switchgear required is deter¬ 
mined, therefore, only by the e.h.t. system requirements. 

A useful feature of the glass-bulb rectifier is that a 
glance at the bulb is sufficient to determine whether the 
equipment is working satisfactorily. 

Mr. H. de B. Knight: In his description of the 
Ignitron the author states that single-phase units are 
used for half-cycle welding. This may perhaps give the 
erroneous impression that the use of the Ignitron in 
resistance-welding control is restricted to welds of 1 half¬ 
cycle duration only. In practice it is usual to use two 
Ignitrons oppositely connected in the welding-trans¬ 
former primary line, to pass both half-cycles of the 
a.c. wave. By suitable control any required duration of 
impulse may be obtained, from a fraction of a half-cycle 
to any number of cycles. The control is similar to that 
used in thyratron-controlled welders, and described, for 
example, by A. L. White ley,* except that the tubes, being 
capable of giving heavy peak currents, are connected 
direct in the line and no series transformer is required. 

Several Ignitron-controlled welders of British manu¬ 
facture are now in operation. For example, Fig. E shows 
the anode and anode lead of an all-steel Ignitron made in 
this country which takes the form of a water-cooled tube 
of approximately 3-| in, diameter and is capable of giving 
a peak current of 6 000 amperes. Two such tubes will 
control a welder equipment giving 1 500-kVA impulses. 

The author referred to the use of a special alloy, 
Kovar, for making connection to the glass insulating 
section. In the construction shown in Fig. E, use is 
made of a similar alloy, Fernico, whose expansion 

* Journal I.E.E., 1936, vol. 78, p. 516. 
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characteristic closely matches that of the glass used. 
The general dimensions and the problems involved in 
making the glass-to-metal seal will be appreciated from 
the fact that the lead to which the anode is fitted has 
a f-in. whitworth screw. 

Dr. C. C. Garrard: The most interesting feature of 
this paper is the description of the air-cooled steelclad 
rectifier shown in Fig. 2, which I think will find con¬ 
siderable application in the future. I should like to ask 
whether there is any limit of size for these air-cooled 
steel rectifiers. Simplicity is the first principle of 
engineering, and these steel air-cooled rectifiers are a very 
great advance towards simplicity inasmuch as water¬ 
cooling and the complications thereby involved are done 
away with. 

With regard to the question of the rating of rectifiers, 
it is no use comparing the glass-bulb and the air-cooled 
steel rec tifi er on the basis of the normal rating; one must 
take into account the overload and short-circuit capacity. 


be a good thing if this were made quite clear in the 
Specification for rectifiers which I understand is being 
prepared by the British Standards Institution. 

Mr. W. R. Cox: From an examination of the papier 
and of British rectifier equipments in service one comes 
to the conclusion that, although the early commercial 
development of the mercury-arc rectifier took place more 
actively on the Continent than in England, the British- 
made rectifier of to-day is superior to its Continental 
equivalent. Probably the most useful field of use of the 
rectifier is for installation in substations, to supply trac¬ 
tion systems of all types. Some of the characteristics of 
the equipment which make it so suitable for this work are: 
(a) Very high efficiency at the lighter loads. ( b ) Ease 
with which relatively high d.c. voltages (i.e. 1 500 or 
3 000 volts) can be catered for. (c) Great stability on 
heavy load peaks, [d) Ease of remote control. ( e) Low 
maintenance costs. 

Of the types of rectifiers reviewed by the author the 



Fig. E 


In this respect the air-cooled steel rectifier has many 
advantages, because it is capable of withstanding very 
heavy short-circuits and is therefore particularly appli¬ 
cable to heavy duty such as that met with on the 
London Underground Railways. 

Twelve-phase rectifiers have been recommended as 
giving a d.c. output free from ripples; but the 12-phase 
rectifier will not give such an output, although it is 
better in this respect than the 6-phase rectifier. In 
searching for a means of avoiding ripples it is bad practice 
to introduce 12-phase construction of transformers, 
because the 12-phase transformer is much less reliable 
than the 6-phase.transformer; I believe future stand¬ 
ardization will be along the lines of 6-phase construction. 
More notice is taken of this question of ripples than is 
justified, because it is only in a few cases that the ripples 
in the d.c. voltage cause wireless interference. I think 
that each case of interference which occurs should be 
treated on its merits. If it is made a standard condition 
that the rectifier manufacturers shall guarantee the 
avoidance of ripple in the output of their rectifiers, the 
price of rectifier installations is bound to go up. It would 


vacuum type in its various forms seems to have many 
advantages over the “ jet ” types. In the vacuum types 
one is dealing with a stream of electrons, which have very 
low inertia and are therefore not so difficult to control 
during heavy load fluctuations and under short-circuit 
conditions as are the " jet ” types, which employ a 
relatively unstable stream of comparatively heavy liquid. 
The art of producing and maintaining a very high 
vacuum, which one might expect to prove difficult, has 
been brought to a high state of efficiency, and now that it 
is commercially possible to seal-off a metalclad mercury- 
arc rectifier completely a very simple and extremely 
robust piece of apparatus is available. 

With regard to the author’s remarks on Ignitrons, 
unless these can be permanently sealed and air-cooled 
there would seem to be a considerable disadvantage in the 
rather complex system of vacuum pipes and water¬ 
cooling pipes necessary, in each of which a number of 
insulated joints will be required. 

[The author’s reply to this discussion will be found on 
page 468.] 


TEES-SIDE SUB-CENTRE, AT MIDDLESBROUGH, 6TH APRIL, 1938 


Mr. H. Y. Field : The mercury rectifier is in a rather 
unique position as compared with rotating plant, in that 
its efficiency is practically independent of size; in addi¬ 
tion, its cost per kVA decreases very slowly with size. 


Hence banks of small units in parallel can compete 
quite effectively with a single unit of the same total 
rating. 

The very satisfactory application of rectifiers to trac- 
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tion work is partly due to the use of series motors, in 
which the series field acts as a smoothing choke. If shunt 
motors were employed, the operation would not be so 
satisfactory unless considerably more smoothing equip¬ 
ment was provided at the rectifier. 

Will the author explain why it is difficult to interrupt 
short-circuits on the d.c. side by grid control: is this 
problem affected by the de-ionization rate in the arc 
stream ? Also, why are high-speed circuit-breakers still 
necessary on the d.c. side ? 

I notice that graphite has now replaced iron for anode 
construction. Does the lower thermal conductivity of 
the graphite l-educe the anode rating as compared with an 
iron anode of the same size ? 

On page 449 the author states that the problem of 
increasing the number of phases is affected by the small 
commutating e.m.f. available with a large number of 
phases. Pi-esumably this difficulty would be more 
troublesome on low-voltage rectifiers than on high- 
voltage types. 

In the early days of electrical engineering, alternators 
were designed without reference to wave-form, but operat¬ 
ing experience coupled with theoretical considerations 
indicated the desirability of keeping the harmonic con¬ 
tent to a low value. Similarly, early practice with grid- 
controlled rectifiers having an appreciable range of 
voltage variation seemed to ignore the influence of the 
high harmonic content on the d.c. side. Large and 
expensive smoothing equipment is now realized to be 
necessary in such cases, unless the equipment is modified 
so as to embody tap-changing and the grid control is 
relegated to the subsidiary purpose of smooth control 
between taps. 

Mr. R. Kell: I propose to raise an old question in 
connection with the glass-bulb type of rectifier, and one 
to which I have not be able to obtain a definite answer, 
namely what is the average life of a bulb under normal 
working conditions? My experience of a batch of 14 


bulbs over the past 8 years has been fairly satisfactory, 
and compares favourably with that obtained on other 
types of electrical plant. It is unfortunate that no 
allowance can be made by the makers for the old bulbs, 
apart from a small amount covering the cost of the 
mercury. The replacement of a bulb is therefore an 
expensive matter. 

The experience referred to does not cover the remain¬ 
ing portion of the rectifier equipment, the design of which 
in the past does not appear to have been up to the usual 
standard. I have met with failures of coils and of the 
primaries of tap-regulating transformers due to insuffi¬ 
cient inter-layer insulation; in each of three cases this 
insulation has comprised simply the double cotton cover 
of the turns themselves. Oil switches on the anode 
circuits have also failed, and are gradually being replaced 
by special fuses. I should be glad to have some informa¬ 
tion concerning the characteristics of these fuses. 

I would suggest that no fuses be inserted for the protec¬ 
tion of cooling-fan motors unless adequate inspection of 
the fuse contacts and the condition of the fuse wires is 
carried out, as their insertion introduces the element of 
single-phasing. If protection by fuses is considered 
necessary, advantage should be taken of the natural 
situation of the motor in the cooling air stream, so that 
it may be designed to run for considerable periods in the 
single-phase condition. An alternative would be to 
supply the motor from the d.c. side. A guard should be 
provided below the fan in order that an indication of the 
motor temperature may safely be obtained by hand. 

I recently inspected a bulb which, while cold, gives off 
a pink light instead of the usual purple. When the bulb 
was loaded up, the light emitted became purple, with 
faint traces of pink. There is also, while cold, more 
hunting than in the past between this bulb and the one 
with which it is paralleled. Is this a sign of incipient 
failure of the bulb, and, if so, can the colour of the fight 
emitted be taken as an indication of its condition ? 


THE AUTHOR’S REPLY TO THE DISCUSSIONS AT LONDON, NEWCASTLE, 

BIRMINGHAM, AND MIDDLESBROUGH 


Dr, W. G. Thompson {in reply ): I agree with Mr. 
Fairburn that the non-vacuum type of rectifier may have 
arrived too late, and its use in practice will depend upon 
the possibility of exploiting the property of reversibility 
without change of connections. There is still some scope 
for the rotary convertor, which incidentally can provide 
a convenient means of dealing with regenerated power. 
Mr. Fairburn’s experience of the reliability of glass-bulb 
rectifiers, as compared with the steel-tank type, does 
not appear to bear out the general rule. In a number of 
cases glass bulbs have become a total loss, and the success 
of glass-bulb rectifiers rests partly on the quick delivery 
of spare bulbs in the event of trouble. . 

It is somewhat difficult to produce a specification that 
will cover all the requirements of a traction system, and 
the only basis of comparison between types of rectifiers 
is equivalent service conditions. 

Mr. Fairburn's opinion that grid control is hardly 
warranted from an economic standpoint, is of interest. 
The main reasons for advocating grid control in connec¬ 
tion with traction work are: to deal with arc suppression, 


and to produce a level compound characteristic for paral¬ 
lel running with rotary convertors. The question of 
higher rupturing capacities for switchgear used in con¬ 
nection with rectifiers has been explained by Mr. Wood 
in his communication to the discussion. 

I am indebted to Mr. Fairburn for the additional 
details he has supplied about the Basle frequency- 
changer. The problem of the amount of rectifier load 
connected to the a.c. supply to the Berlin Underground 
Railways is difficult to dispose of in these few words. As I 
understand it, the position is that the total d.c. rectifier 
capacity of 170 000 kW will rarely approach full load 
under working conditions. The supply provided by the 
local power stations amounts to some 400 000 kVA, but 
there is at certain times an additional 400 000 kVA linked 
in from more remote stations to give an aggregate supply 
kVA of nearly 900 000. Thus the proportion of rectifier 
load, though admittedly high, may not be as large as 
appears at first sight. The suggestion that trouble would 
be experienced if the rectifier load exceeded 15 % of the 
total is not borne out in practice, possibly owing to the 
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filter effect of the network, especially with loads con¬ 
nected in parallel on the a.c. side of the rectifier. 

The position of telephone and radio interference is 
difficult to assess without reference to a specific case, as 
the interference depends upon the degree of coupling 
between the power line and the telephone line, i.e. the 
spacing and the number of miles they are in close 
proximity. Underground sheathed cables will be well 
screened and should not give rise to serious interference. 

Dr. Garrard suggests that the outlet for rectifiers will 
be mainly traction work; in this connection the use of a 
small pumpless steel-tank rectifier, reverse-connected 
across a larger unit, would provide an admirable means 
of dealing with regenerated power. The prospects of d.c. 
transmission are not at all promising so long as many 
problems in connection with high-voltage d.c. switching 
and high-power invertors remain to be solved on a 
practical scale. 

The 12-phase connection is of advantage when it is 
desired to eliminate the 5th and 7th harmonics from the 
a.c. side, but, in order to avoid the 11th and 13th, 24 
phases will be necessary. Here it is a question of treat¬ 
ing each case on its merits, and experience has shown 
that 6-phase connection is, generally speaking, adequate. 

I would hesitate to define an upper limit to the size of 
the air-cooled pumpless rectifier, as such rectifiers have 
already increased beyond the range that was thought 
economically possible from theoretical considerations. 
Probably the overload rating of the pumpless rectifier 
is best regarded as being intermediate between the glass- 
bulb and the steel-tank types, but more approaching 
the latter. 

Mr. Gallizia draws attention to the importance of 
rectifiers in connection with electrolytic plants; units up 
to 8 000 kW and voltages up to 1 200 volts have been 
used for this purpose, 800 volts being fairly common. A 
feature of the electrolytic service conditions are long 
periods of uninterrupted operation at practically full-load 
current, with rapid voltage-adjustment to deal with 
fluctuations in the back-e.m.f.’s of the electrolytic baths. 
This represents fairly arduous loading for the rectifiers, 
and minor adjustments are sometimes necessary after 
2-3 years' service.. 

The problem of electrode wear in Marx valves has 
received much attention, and considerable improvement 
has been made upon the earlier results; it is doubtful 
whether the wear will ever be reduced to negligible pro¬ 
portions, but experiments have indicated that its influ¬ 
ence upon the operation of the valves can be minimized. 
At 300 lcV, currents will be comparatively light and 
Marx valves will provide a convenient means of inversion 
should the need arise. 

The output range of the pumpless steel-tank type of 
rectifier is encroaching upon that of the water-cooled 
types; on the other hand, pumpless rectifiers are not 
likely to be made much smaller, mainly for economic 
reasons. There is no doubt about the robustness of this 
type of rectifier, and evidence shows that the pumpless 
types have withstood rough handling and adverse con¬ 
ditions that would have been fatal to any of the glass- 
bulb varieties. 

The worst case of telephone interference which I have 
experienced was where telephone cables and rectifier 
Vor. 83. 


pilot feeders were combined in the same multi-core 
cable. In these circumstances conversation was admit¬ 
tedly irksome, but by no means inaudible. 

Mr. Gallizia draws attention to the short time that 
steel-tank pumpless rectifiers have been available. The 
delayed advent of this type was largely due to precon¬ 
ceived ideas about the vacuum-tightness of metal vessels. 
The fact that pumpless steel-tank rectifiers were first 
successfully developed in this country is a tribute to the 
application and resource of British industry. There is 
little doubt that the pumpless rectifier will have a great 
influence on the trend of rectifier progress. It may be of 
interest to record that since the paper was written the 
outputs of individual pumpless rectifiers have been 
further increased, and these types of rectifiers are now 
being applied to duties hitherto regarded as being re¬ 
stricted to water-cooled rectifiers. 

With reference to the rating of rectifiers, it would seem 
that manufacturers on the Continent and in this country 
must ultimately come more into line, as the overload 
requirements will depend upon the service conditions. 

Mr. Pick mentions the absence from the paper of the 
more detailed aspects of 2 000-kW rectifier progress. 
Such progress has, however, been made, particularly in 
connection with the .use of graphite grids and a better 
understanding of internal operating conditions. It may 
be remarked that although Continental manufacturers 
have had some 30 years’ experience of rectifiers, service 
results have shown that the British-manufactured recti¬ 
fier is certainly as good as, if not better than, its Con¬ 
tinental prototype. The point is that except when some 
completely new arrangement, such as the pumpless steel- 
tank type, is produced, progress is slow. 

The assertion that 3 000 amperes is the optimum size of 
rectifier was clearly stated as a maker’s claim, and what 
may hold good under loading and manufacturing con¬ 
ditions in America may not apply to this country. I do 
not think it would be safe to assume that this optimum 
gives the water-cooled steel-tanlc rectifier an advantage 
over the air-cooled steel-tank rectifier. Figs. 4 and 5 
are not strictly comparable, as Fig. 4 deals with large 
low-voltage rectifiers, whilst Fig. 5 refers to small high- 
voltage units. 

Alkalinity and acidity tests have been carried out 
in connection with rectifier cooling and the presence of 
oxygen in the circulating water, but it must be admitted 
that in many instances corrosion data are very conflicting, 
especially as superimposed leakage-currents are present 
in various parts of the cooling system. 

It is quite possible to time Ignitron control by phase- 
shifting means, and this has been done in some instances. 

The difficulties which are withholding the Marx-type 
rectifier from the market are that for traction voltages 
its arc drop is higher than that of the mercury-arc 
rectifier, and at the higher voltages there has been no 
insistent demand for large outputs. 

It is not my experience that Pirani gauges have 
required continuous renewal and resetting -in water- 
cooled rectifiers. I am not quite clear about Mr. Pick’s 
ingenious suggestion for a 2-stage transformer, but similar 
devices have already been used to minimize harmonic 
effects and give the equivalent of 24- to 36-phase supplies. 

Mr. Read’s remarks about the reliability of invertors 

30 
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under the operating conditions prevailing in South Africa 
are noted with interest. . It is felt, however, that the 
phase-swinging problem must be more apparent than 
real. In simplest terms, the successful operation of the 
control mechanism means that the speed of response of 
the phase-adjusting device is adequate. The movement 
can never be instantaneous, and the mechanics of the 
problem are somewhat analogous to those met with in 
large synchronous condensers, which also operate success¬ 
fully at the end of a long transmission line. The con¬ 
firmation that the basis of the application of regeneration 
is economic rather than technical is worthy of note, as 
also is Mr. Read’s lucid exposition of the attitude to grid 
control in this country. 

Mr. Read referred at Newcastle to the question of 
pinholes. Such pinholes obviously do not occur in the 
vacuum vessel itself, but may arise in the anti-corrosive 
coating applied to the water space and thus expose bare 
metal to the action of water and leakage currents. It is 
usually possible to devise trouble-free systems, but local 
water conditions may give rise to the difficulties calling 
for special treatment of the cooling water. The air-cooled 
rectifier with its minimum of auxiliaries will set the 
pace in the direction of reducing the number of auxiliaries 
associated with the water-cooled rectifier. 

Mr. Browne suggests that smaller units should give 
increased efficiency. In the first place it is a question of 
the shapes of the arc-drop curves for different-sized units, 
and also overall economy is often the prime consideration; 
in this connection plurality of fans, relays, and phase con¬ 
nections should be minimized. 

The question of each unit being a stand-by to the 
others can be carried too far; load-sharing and reliability 
can be achieved without pursuing subdivision to the 
extent demanded by the small size of the glass-bulb units. 
Mr. Browne claims the advantage of the enormous anode 
area resulting from the multiplicity of cylinders used in 
the glass bulb. Actually it would appear that the same 
reasoning'pertains even in regard to the largest water- 
cooled rectifiers, where the arc is effectively distributed 
over each anode surface by means of openings in the grids. 
One is tempted to think that the extra-large aggregate of 
anodes provided in glass-bulb installations is needed to 
give the necessary reliability. 

The question of floor space can be met to some extent 
by arranging the rectifiers in two tiers. On the other 
hand, it does put up the height of the building, so that 
the glass bulb will still show to a disadvantage when the 
kW output is considered in relation to the cubic capacity 
or cost of a building. 

Pumpless steel cylinders have been tested under 
identical conditions to those of the glass bulb and have 
proved to be equally efficient. They have also been 
successfully employed in connection with the same 
specifications, without any sacrifice of transformer 
reactance, to give a low voltage-drop. 

To suggest that the multiplicity of units gives increased 
reliability would only be valid when the units were of the 
same land. Quality is as important as quantity, and in 
this connection there is no reason why the smaller number 
of steel cylinders in a given equipment should be less 
reliable than a large number of glass bulbs. 

The suggestion that there is no advantage in increasing 


the size of the bulbs appears to represent purely the glass- 
bulb manufacturers’ point of view, and is directly con¬ 
trary to our experience with steel pumpless rectifiers. 
Mr. Browne claims that the vitreous-enamel seal used 
with the steel type of bulb is no more successful than the 
seal used in the glass-bulb type of rectifier. There is 
ample evidence, however, that the vitreous-enamel seal is 
vastly superior, and is so designed that the weakest 
material, i.e. vitreous enamel, is adequately reinforced 
by the mild-steel cone assembly. To quote examples, the 
stems leading through the vitreous-enamel seal have on 
many occasions received hammer blows and have always 
withstood them successfully; further, as an experiment 
the actual terminals have also been completely melted off 
by 50 times normal current under a •short-circuit test 
without failure of the seal, which incidentally is also 
subjected to high temperatures during manufacture. 

With regard to the working temperatures of the arms 
of glass-bulb rectifiers, in some types these arms appear 
dull red on overload, and unless this is solely due to the 
red-hot anodes it can be taken that the anode arms are 
considerably above 250° C. The whole body of the glass 
bulb may be an insulator, but this is certainly a disad¬ 
vantage in that it tends to facilitate the building-up of 
static charges. 

The switchgear used in connection with glass bulbs is, 
generally speaking, small or at least segregated, and 
therefore severe switchgear conditions are not encoun¬ 
tered. If, however, glass-bulb rectifiers are called upon to 
perform some of the heavier duties there is no doubt that 
the same physical phenomena as are met with in connec¬ 
tion with large metal rectifiers will be found to be 
present. 

Claims have been made that the transparency of the 
glass is an advantage in that it permits the checking of the 
operation of the cylinders by visual means. The loss of 
this facility has never been felt in connection with steel- 
tank rectifiers, especially as the interpretation of the 
phenomena observed in the rectifiers is a matter for 
expert judgment. 

Mr. Henderson draws attention to the question of 
smaller units in parallel which is mentioned in the paper. 
I would explain that the term " small” is used in a 
relative rather than an absolute sense; for example, we 
should consider 2 500 kW small as compared with 
10 000 kW. Mr. Henderson suggests that the steel-tank 
rectifier has advanced in size: here again, even the 
3 000-kW rectifier is certainly smaller than the 16 000- 
ampere types tried out on the test-beds some years ago. 

There are a number of sets of pumpless rectifiers in 
industrial service which are running at full load for 24 
hours per day. The kind of loading has made little, if 
any, difference to the behaviour of this type of rectifier. 

The paper did not intend to associate arc-suppression 
and high-speed breakers with cold starting in the sense' 
implied by Mr. Henderson. It is known that slight 
changes in the dimensions of the shields and grids of a 
rectifier make a considerable difference to its performance, 
especially if it is of the so-called non-starting type, i.e. the 
type requiring a positive bias on the grids. Mr. Hender¬ 
son's experience of the favourable influence of grid 
control on the rectifier rating differs from the opinions 
put forward by Mr. Read, and also those suggested in the 
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paper. I have had the recent opportunity of discussing 
these points with, independent authorities and it would 
appear that both points of view are correct, the former 
one being more representative of Continental experience. 
This also applies to the question of grid control in relation 
to backfire circumstances: Mr. Henderson favours the 
prevention of a cut-off when a backfire occurs, whilst the 
alternative is to try to eliminate the backfire. 

The arc-drop curves of Fig. 4 were merely intended to 
indicate the influence of tank size; I agree with Mr. 
Henderson that lower arc-drop figures are now possible. 

In reply to Mr. Harris, the airtightness of the pumpless 
steel-tank rectifier is obtained by virtue of the quality of 
the materials used and the skill employed in the manu¬ 
facture of the vacuum vessels. The rectifiers are given 
a comprehensive series of leakage tests, so that their 
reliability in service is assured. The supply of spare glass 
bulbs can only be regarded as an additional service for 
which the customer must inevitably pay in the long run. 
The cylinders of the pumpless steel-tank type can also be 
replaced, but these will have a high recovery value, which 
is all to the ultimate advantage of the purchaser: inci¬ 
dentally, the lack of opportunity for selling spare 
cylinders is a disadvantage from the manufacturers’ point 
of view. 

The cost of water-cooled rectifiers is nearly always 
higher than that of both glass and air-cooled types, 
except when large outputs are involved. 

Mr. North discloses the truth about double tiers for 
glass-bulb rectifiers. The larger glass bulbs will have a 
limited life, and a greater risk attaches to their practical 
operation. I still feel that the air-cooled steel-tank 
rectifier offers a better proposition in these larger sizes. 
The nine anode arms mentioned in the paper are a 
peculiarity of that glass-bulb manufacturer’s construction; 
it has been found that an increase in the useful life of 
the bulb can be achieved by changing over to the spare 
arms after a certain period of operation. There is no 
reference in the paper to a statement suggesting the 
corrosion of graphite anodes. 

I am much indebted to Mr. Wood for his neat explana¬ 
tion of the possible cause of some of the switchgear 
difficulties encountered in switching off rectifiers under 
backfiring conditions. It is interesting to note that the 
stored energy in the closed current path shown in Fig. D 
is unidirectional, and as no reverse current flow takes 
place the grid control is not likely to have much influence 
in preventing the snap-out of the arc. Thus, under these 
conditions, arc suppression by grid control is less effective 
in reducing the duty on the circuit-breaker than is 
generally supposed. 

I am also indebted to Mr. Lintott for his clear explana¬ 
tion of phase-shift with grid control, and am inclined to 
agree with his observations about tap-changing. 

I am surprised to find that he is attempting to measure 
anode power, as this is a notoriously difficult quantity to 
measure with accuracy. The use of current transformers 
would seem to be inadvisable, because of the influence of 
the current-transformer magnetization resulting from the 
unidirectional impulses of the anode current. I would 
suggest that, rather than use a current transformer, a 
suitable shunt should be employed and the wattmeter 
insulated so as to avoid potential between voltage and 


current coils. I have also measured the power in a single 
anode circuit, but have not encountered the pulsations 
referred to by Mr. Lintott. Their cause is more likely 
to be found in some inconsistency in the metering circuit 
rather than in the performance of the rectifier. So far as 
plurality of grids is concerned, it is extremely unlikely 
that mercury-arc rectifiers will be fitted with more than 
two grids for normal working purposes. 

In reply to Mr. Beaty, the maximum current which can 
be taken from a 100-kV air-blast rectifier under polyphase 
conditions is comparatively small, not in consequence of 
the limitation of the rectifier but owing to possibilities of 
dissipating the load at that voltage; up to 90 amperes 
have been carried by a single-phase unit and, judging by 
the performance of an air-blast rectifier set-up at 20 kV, 
there should not be much difficulty in rectifying a heavy 
current at even higher voltages. 

The pumpless rectifiers referred to in the paper are of 
all-metal construction and are not dependent upon any 
covering, internal or external, for the maintenance of their v 
vacuum. In connection with grid control, up to 300 volts 
negative bias is fairly common. 

I am glad to have Mr. Royle’s encouraging remarks 
concerning the very high standard of performance and 
reliability of the water-cooled rectifiers installed at 
Sunderland, and particularly his mention of practically 
negligible maintenance costs. Relays for the protection 
of such rectifiers were fitted on a fairly elaborate scale 
in the past, but no doubt these will tend to become fewer 
in the future. The backing pump is required to provide 
the low back-pressure to enable the diffusion pump to 
function correctly. 

The ignition method mentioned by Mr. King is quite 
practicable and is largely used on the Continent. Its 
opponents claim that there is a possibility of locally ageing 
the glass with several restarts. 

In reply to Mr. Gibson, the position of d.c. transmission 
may be summed up as follows: (1) The saving on d.c. 
overhead lines is far less than is usually anticipated. 

(2) Direct-current transmission is inferior to alternating- 
current so far as reversibility of power is concerned. 

(3) The extra cost of the rectifiers is not compensated by 
savings in other ways. (4) Suitable means of switching 
have yet to be devised. (5) The wattless-current problem 
at the load end is much more acute than in the case of 
a.c. lines. (6) Even for long-distance transmission, the 
d.c. power loss due to voltage-drop is such that it becomes 
worth while to sectionalize the d.c. line, and the system 
therefore has no advantage over the usual sectionalized 
a.c. system with power-factor correction. 

If igniter-type rectifiers are required to operate con¬ 
tinuously it is also necessary to run the auxiliary valves 
continuously. 

In answer to Mr. Baker, the factors leading to the 
distress of rectifiers on heavy loads are increased vapour 
pressure due to temperature-rise, and a slower dielectric 
recovery rate due to delayed de-ionization in front of the 
anodes. Temperature control of air-cooled rectifiers is 
already automatic to some extent by virtue of fan-speed 
control. In the event of a rectifier being called upon to 
operate in extreme climates, some means of preheating 
the air could be adopted. 

Mr. Kerr raises the question of brush-wear and other 
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problems relating to traction motors supplied with direct the origin of the short-circuit is not clear and the fuses 

current from rectifiers. Experience both on the test-bed are replaced by a new set, which may blow immediately, 

and in service has shown such supplies to be entirely There is no doubt that fuses will remain the chief link in 

satisfactory for all types of d.c. motors. the protection of small rectifier equipments, but in the 

In reply to Mr. Manighetti, the rating of rectifier case of larger units it is probably advisable to capitalize 

switchgear has been arrived at largely as a result of expenditure in terms of more robust rectifier units and 

experience. Mr. Wood has given a comprehensive ex- better switchgear. 

planation of the problem in his contribution to the dis- I am indebted to Mr. Knight for his interesting infor- 

cussion, but it remains to interpret the phenomena in mation in connection with Ignitrons; glass seals have also 

terms of the nominal rupturing capacity by which been made for experimental work in connection with 

switches are usually rated. pumpless rectifiers for various sizes. Such seals have 

The errors in indicating power-factor meters have been been manufactured up to 12 in. diameter, but in actual 


under investigation for some time; providing the har¬ 
monics are confined solely to the current or to the voltage, 
the meter should not be adversely affected. Where the 
same harmonics are present in both voltage and current, 
a small correction will be necessary depending upon the 
principles on which the design of the power-factor 
indicator is based. As far as traction metering is con¬ 
cerned, load fluctuations are usually so severe that meter¬ 
ing might be confined to the a.c. side. 

The cost per kW of rectifier equipment varies con¬ 
siderably, being as low as £2 • 5 in some cases and over £10 
in others. Under equal conditions and for moderately 
large power, the water-cooled, pumpless steel-tank, and 
glass-bulb types may be regarded as competitive. 

The earlier difficulties met with in rectifier develop¬ 
ment, mentioned by Mr. Patterson, have now been 
largely overcome. I cannot agree that breakers whose 
speed of break is adequate to deal with rectifiers in 
parallel have yet to be constructed. Investigations deal¬ 
ing with accurate measurements of the rate of operation 
of high-speed breakers have been made, and there is no 
indication that the-limits of high-speed operation have 
been reached. It is largely a matter of cost, for the 
installation of a separate breaker for each rectifier on the 
d.c. side would prove too expensive. 

The modem tendency is to use suitable anode fuses or 
alternatively to design the rectifier to withstand the short- 
circuit current and rely on the fast operation of a.c. and d .c. 
breakers of conventional design. The re-forming trouble 
mentioned in the discussion does not arise in the case of 
pumpless rectifiers, as these are always thoroughly 
degassed before they leave the works. 

I should like to endorse Mr. Taylour’s remarks about 
grid control. With regard to cables and d.c. transmis¬ 
sion, the cost of cable per mile is about 5 times that of 
overhead lines, except in city areas, so that it is difficult 
to see what advantage would accrue from a general d.c. 
transmission scheme making use of cable. It might just 
be possible to use cable for d.c. transmission across a 
large city, such as London, but it is considered that such 
opportunities will rarely present themselves. 

Mr. Taylour gives a particularly good summing-up of 
the harmonic problems from the interference point of 
view, and there is little that can be added without going 
into great detail. 

I am very interested in Mr. Brown's remarks regarding 
the protection accorded to glass-bulb rectifiers by the use 
of anode fuses. In practice we have one great criticism 
to meet, namely that while it does give a measure of safety 
it is likely to prove expensive where large installations 
are involved. The situation is also embarrassing when 


practice the vitreous-enamel seal is much to be pre¬ 
ferred. 

In reply to Mr. Cox, there is no doubt that the British 
rectifier, particularly the air-cooled pumpless type, is in a 
number of ways far in advance of Continental develop¬ 
ment, and the success of many equipments in service 
overseas justifies the confidence placed in the British 
product. The success of the sealed-off Ignitron will 
depend upon the type of seal available. Another point 
is that any foreign matter such as carborundum or 
porcelain needs thoroughly degassing before being 
brought into contact with the mercury, to avoid the 
formation of contaminating matter on the mercury 
surface. I think there is little doubt that eventually the 
pumping system will be eliminated on large Ignitron 
rectifiers. 

Mr. Field remarks on the influence of cost per kVA and 
rectifier efficiency in relation to the size. It is agreed that 
banks of small units in parallel can compete effectively 
with the single unit at the same total rating, but there 
are times when the multiplicity of components involved 
leads users to prefer single larger units on the grounds of 
simplicity. 

So far we have been able to detect very little difference 
between the performance of series and shunt motors when 
running on rectifier supply. The series field, however, has 
comparatively low inductance, while on the other hand 
the shunt field provides a parallel path which may tend 
to ease any troubles at the commutator. Graphite 
anodes have a lower thermal conductivity and thus 
reduce the warming-up period. 

Rectifier commutation is better, if anything,, on high 
voltage, because ( a) there are more commutating volts 
available; (6) the current, and thus the intensity of 
ionization, is usually smaller; on the other hand, the 
voltage recovery rate may be slightly higher. 

Further to Mr. Kell’s remarks, the average life of a 
glass bulb under normal conditions depends upon how the 
manufacturer rates his product. It is generally under¬ 
stood that, where the loading of glass bulbs is increased 
in order to lower the cost of the total equipment, the life 
of each bulb will be proportionately less. Setting aside 
purely accidental damage, a liberally rated glass bulb 
has been known to last 10 or more years. On the other 
band, where the loads have been unduly high, bulbs 
have failed in less than 5 years. Mr. Kell comments on 
the fact that there is practically no allowance for old 
bulbs; this point has been dealt with in the reply to Mr. 

Browne. , . 

With regard to replacing switches by fuses, this is 
discussed in the reply to Mr. Browne s remarks. The 
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question of the single-phasing of fan motors has not so 
far arisen in connection with rectifiers with which I 
have been associated. The remedy would appear to 
lie in the use of a suitable form of motor: it is almost 
universal practice to protect small 3-phase motors, with 
fuses, and the rectifier duty should not alter operating 
conditions to an extent sufficient to warrant departure 
from standard practice. 

The colour of the light emitted from a glass bulb can 
be taken as an indication of vacuum conditions, but the 
diagnosis is usually a matter for expert opinion. . The pink 
light is of interest, as the change from the pink to the 
violet light takes place during “ forming J ’ of the rectifier. 


and is generally regarded as a sign of the improvement 
of the vacuum. 

In connection with the failure of coils, the importance 
of small parts is not always appreciated by those directly 
engaged in making those parts; also such troubles are 
not confined to rectifiers, nor to one group of manu¬ 
facturers, but are largely the result of the severe com¬ 
petitive price conditions both in this country and abroad. 

With regard to the transformers being insulated with 
double cotton covering, it would appear this is a matter 
of incomplete specification and is not a method of insula¬ 
tion which would be approved by any manufacturer 
of repute. 
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SUMMARY 

The paper is submitted to a joint meeting of plastics 
chemists and electrical engineers as a contribution to a general 
survey of the field in which their activities meet. It consists 
of the following parts:— 

(i) A brief discussion of dielectrics and the factors which 
represent their value to the electrical engineer. 

(ii) A discussion of the essential nature of plasticity, and of 
the characteristics which the chemist has to produce when 
synthesizing plastics for the moulding industry. 

(iii) An experimental investigation of the properties. of 
synthetic resins of the bakelite type, and the way in which 
their electrical properties may be affected by chemical and 
physical factors. 

(iv) A brief discussion of the various synthetic plastics now 
available, and of such of their properties as are of importance 
in electrical practice, with some general conclusions as to lines 
of research which may be expected to yield results profitable 
to both the industrial chemist and the electrical engineer. 


(1) INTRODUCTORY 

In presenting this paper the authors’ primary object 
is to stimulate a discussion on matters of common interest 
between two widely different groups of workers: electrical 
engineers and chemical technologists. It is generally 
recognized that among the technical problems with 
which the electrical engineer is faced, those presented 
by insulating materials are of outstanding importance. 
Progress in many directions would become possible if 
the limitations of existing materials could be overcome, 
and as a result electrical engineers in all branches of the 
industry are constantly seeking new dielectrics. 

On the other hand, nothing is more characteristic of 
the trend of modern industrial development than the 
widespread use of moulding as a manufacturing process, 
based on those developments in chemical technology 
which have made it possible, namely the synthesis of 
plastics. The plastics technologist does not primarily 
set out to serve the electrical industry. He finds that 
some of his products are welcomed by the electrical 
engineer as insulating materials, and that thejr are inci¬ 
dentally subjected to tests of an extraordinary complexity, 
which have no immediately obvious connection with the 
chemical factors which lie within his own control. As 
the s kill of the plastics technologist and our knowledge of 
the chemistry of plastics increases, however, it will surely 
become possible to synthesize products having just those 
qualities desired by the electrical engineer. It is there¬ 
fore of the utmost importance that the plastics technolo¬ 
gist and the electrical engineer should confer, and at 
least take a preliminary survey of the field in which their 


activities meet. It is hoped that this paper will serve 
as the starting-point of such a survey. 

It is obviously desirable that a broad and somewhat 
distant view should at first be taken, and the authors are 
therefore concerned only with what may be termed the 
research point of view. They are not concerned with 
classifications, specifications, and methods of test, 
which have already been adequately treated in a recent 
paper by Dunton and Caress.* From the electrical side 
it is necessary to try to discover the essential nature of 
the processes which occur within any material employed 
for purposes of electrical insulation. We also require 
to know whether the limitations of existing materials 
are linked with their chemical purity, the. structure of 
their molecules, or atoms, or the way in which the mole¬ 
cules are packed and held together. From the chemical 
side we must note the great range of materials which the 
plastics technologist has been able to. produce and the 
factors which may be controlled with the chemical 
technique now available. 

The situation having been viewed. from, both sides, 
an attempt must be made to indicate in which direction 
the search for better insulating materials is likely to be 
most profitable. 

It need scarcely be said that the task is of such a 
magnitude that any attempt in the form of a single short 
paper is bound to be imperfect, incomplete, and. indeed 
only a fragment of the full inquiry which the situation 
calls for. All that this paper pretends to accomplish 
is to outline for the benefit of the plastics chemist the 
significance.of the basic electrical properties, to indicate 
to the electrical engineer the chemical nature of a plastic 
and the possibilities of controlling it by chemical tech¬ 
nique in directions which may interest him, and to illus¬ 
trate these points of view with some researches carried 
out by the authors, which are presented as part of the 
general framework outlined above. Many gaps will still 
remain to be filled. The treatment of the introductory 
matter has been made as elementary as possible in the 
hope that it may introduce the subject to workers whose 
specialized interests lie in widely different fields. 

(2) THE NATURE OF A DIELECTRIC 

The primary function of an electrical insulating 
material (dielectric, for short) is to act as a barrier to the 
flow of electricity, and all the various dielectric properties 
used by engineers merely represent the efficacy of the 
material as an electrical barrier considered from various 
points of view. The familiar analogy with the flow of 

* Journal I.E.E., 1936, vol. 79, p. 463. 
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water may be helpful. A conductor at high voltage is 
analogous to a volume of water at high pressure. The 
water flows outwards in all directions unless the flow is 
opposed by barriers (the walls of tanks or pipes) capable 
of withstanding the pressure. A layer of insulating 
material pn the surface of a conductor at high voltage 
is therefore analogous to a diaphragm closing an aperture 
in the side of a tank of water at high pressure. If the 
pressure of the water is steadily increased, a point may be 
reached at which the diaphragm will burst, and the pres¬ 
sure at which this occurs will provide one obvious measure 
of the effectiveness of the diaphragm as a barrier. 
Similarly, if the voltage applied to a dielectric is steadily 
increased, a point is reached at which the electric barrier 
bursts. There is a sudden rush of current through the 
material which completely ruins it, and the voltage at 
which this occurs obviously measures the effectiveness 
of the material as an insulator from one point of view. 
Thick layers would obviously withstand a higher voltage 
than thin ones, and therefore when comparing different 
materials we consider the voltage per mm or mil of 
thickness at breakdown, which is termed the electric 
strength of the material. Our diaphragm in the side 
of a tank of water at high pressure might, however give 
trouble before the bursting pressure was reached, it 
might leak more or less seriously even at low pressure^ 
not sufficiently to put the tank out of action, but enough 
to be a nuisance. Moreover, the leak might occur on 
account of the porous nature of the material of the 
diaphragm, or merely at the edges owing to imperfect 
jointing In a similar way dielectrics always pass a- 
leakage current, sometimes through the body of the 
material and sometimes over the surface. These defects 
of the material are measured by the leakage current per 
unit voltage in the two cases, i.e. by the volume or 
surface resistance, or, if we consider the values corre¬ 
sponding to a centimetre square of surface or a centi¬ 
metre cube of volume, we obtain the surface and volume 
resistivities as quantities representing the tendency o 
the material to leak in these two ways. 

The diaphragm we have considered might, however, 
give trouble in another way, in conditions analogous to 
those of electrical practice. For electrical pressures are 
usually alternating or pulsating, and if the pressure of 
the water is made to pulsate, say, 100 times a. second, 
the diaphragm will certainly be set into vibration, and 
owing to its imperfect elastic properties it may become 
hot, especially if the vibrations are of large amplitude and 
the*frequency is very high. The energy lost as heat m 
this wav may or may not be serious, but the rise m 
temperature may very seriously lower the bursting 
pressure, and also increase the leakage. A dielectric m 
an alternating field dissipates energy in an analogous 
manner. Just as the diaphragm yields slightly when the 
pressure, is first applied, so the dielectric permits a dis¬ 
placement of electricity. The dielectric constant or 
permittivity, of the material measures the amount of this 
displacement for a given electric force. The diaphragm 
resumes its normal position when the pressure is removed. 
Similarly, the electric displacement vanishes when the 
voltage is removed, but in both cases the energy expended 
in making the displacement is not wholly recovered when 
the barrier springs back. The ratio of the energy los o 


the energy expended in each pulsation is measured by the 
power factor. It is easy to see that the total energy lost 
and the consequent rise of temperature will increase as 
the dielectric constant, the power factor, and the fre¬ 
quency, increase. , 

This effect is much more serious in dielectrics than the 

mechanical analogy might suggest, and it may happen 
that the permittivity' and power factor are even more 
important to the engineer than resistivity and breakdown 

voltage. . , ,. 

In addition to these purely electrical properties, 

plastics must of course possess good mechanical and 
thermal properties. They must be strong in tension and 
compression, not unduly brittle, and not liable to swell 
or shrink under working conditions. These properties 
are, however, not peculiar to electrical applications, and 
need not be considered here in detail. 

It may perhaps be advisable to point out that there is 
no single property of a material which can be taken ns a 
criterion of its electrical performance under all conditions. 
For high-voltage work, electric strength must receive 
first consideration (but here again it must be noted that 
the breakdown may be of a surface character). On the 
other hand, a telephone engineer will not be much con¬ 
cerned with the electric strength of the materials used in 
his cables. He has to transmit minute electrical vibra¬ 
tions of high frequency. He will therefore be seriously 
concerned about leakage, dielectric constant, and power 
factor. He desires a low dielectric-constant and a low 
power-factor. On the other hand, a low dielectric- 
constant is not always required. A condenser-maker 
requires a high dielectric-constant with low power-factor, 
for a condenser is essentially a device to permit the 
passage of large electrical oscillations (or alternating 
currents) with little loss of energy, and, as we have seen 
the amplitude of the electrical oscillation is proportional 
to the dielectric constant. The properties of each 
material must be considered in relation to its possible 

application. 


(3) THE NATURE OF A PLASTIC 

A plastic is, broadly speaking, any material from which 
rigid objects of predetermined shape may be made by 
moulding processes. The most characteristic property 
of plastics is that by suitable treatment they may be 
made to pass through a plastic condition i.e. a state 
intermediate between the solid and liquid states, like 
that of dough or damp clay. Every child knows by 
practical experience how admirably this condition is 
suited to the moulder’s art. For our present purpose it 
is necessary to understand the relations between e 
chemical and physical structure of a material and the 
possibility of its attaining the plastic condition. 

1 The molecules of a material in the solid state must be 
regarded as locked together in a rigid structure by the 
attractive forces between them. Although locked to¬ 
gether, the molecules are in a state of vibration, and as 
the temperature rises the vibration increases until at a 
certain temperature the attractive forces can no longer 
keep the structure intact. If heat is steadily SU PP e 
first one molecule and then another acquires sufficient 
energy to overcome the attractive forces, and these 
molecules take up new positions of equilibrium in which 
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the forces binding together adjacent molecules are very- 
much smaller. Energy is required in order to overcome 
the original strong forces, and therefore the temperature 
of the body does not rise until all the molecules have taken 
up sufficient energy to make equilibrium possible in the 
new positions. In other words, latent heat is absorbed 
until the whole of the original structure has been s hak en 
loose, and the material has become a liquid. 

The solid body has a definite shape and is able to 
withstand the action of large applied forces tending to 
change its shape: the liquid has a definite volume but no 
definite shape. The smallest forces, suitably distributed, 
are sufficient to cause continual changes of shape. The 
solid. behaves as though its molecules were fixed in 
definite positions in the structure. The liquid behaves 
as though its molecules were capable of sliding freely 
over one another so long as the displacement does not 
alter the average distance between them and therefore 
the total volume. In the plastic condition a body may 
have the definite shape of the solid, but the resistance it 
offers to stresses tending to change that shape is very 
much smaller than in the case of the solid and larger 
than in that of the liquid. Thus a material of a lami¬ 
nated type of structure would be plastic if the forces 
holding together adjacent molecules in different layers 
were very much weaker than those between adjacent 
molecules in the same layer. The layers are easily made 
to slide over one another and thus the body is able to 
accommodate itself to changes of shape, while still 
keeping the structure intact. The plasticity of graphite, 
soft metals like tin, and possibly clay, is believed to be 
of this nature, but these materials are not plastics of the 
type we are discussing. The materials of the plastics 
industry show no evidence of a simple laminated type of 
structure, and indeed very little evidence of crystal 
structure of any kind. They have the plasticity of 
resins and gums, which pass gradually into the plastic 
condition when the solid material is heated. We have 
seen that when heat is steadily applied to a solid of regular 
structure, i.e. a crystalline solid, the temperature remains 
constant from the point at which the structure begins 
to break to the point at which it is all broken; in other 
words, the crystalline solid melts at a definite tempera¬ 
ture with the absorption of latent heat. But when heat 
is steadily applied to a plastic, no such melting-point is 
observed; the rise of temperature is continuous, but over 
a somewhat indefinite range. of temperature (between 
those characteristic of the liquid and solid conditions) the 
material has plastic properties. 

It is well known that the presence of impurities in a 
material usually makes the melting point less definite: 
melting occurs over a small range of temperature ins tead 
of at a definite point. The foreign molecules probably 
introduce forces of a different magnitude into the system, 
and thus the energy of thermal agitation required to 
loosen the structure is not constant for all parts of the 
structure, and certain parts only become loosened after 
the temperature has risen somewhat. An obvious 
extension of this idea suggests that plastic properties 
ma}' arise when the molecules of the material are not all 
exactly similar, but are subject to variations which cause 
corresponding variations in the forces between adjacent 
molecules throughout the structure of the solid. Over a 


certain range of temperature, thermal agitation may be 
sufficient to loosen parts of the structure but not the 
whole of it, and therefore we get the semi-rigid structure 
of the plastic. From these considerations one would 
expect to find plastic properties in any intimate mixture 
of a graded series of similar compounds, e.g. a mixture 
of isomers, or molecules containing the same numbers 
of atoms of various kinds but with slight differences in 
their arrangement, and it is probable that the plastic 
properties of, say, the chlorinated diphenyls [see Fig 1(6)] 
arise in this way. Again, paraffin wax is an intimate 
mixture of a graded series of similar hydrocarbons, and it 
is conceivable that its rudimentary plastic properties are 
also of this nature. Paraffin wax is not, te chni cally 
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speaking, a plastic, but the molecule of polystyrene, 
which is a typical plastic, has a sufficient resemblance 
to those of paraffin wax to suggest that its plasticity is 
due, at least in part, to similar forces. In both materials 
the molecules consist of long-chain hydrocarbons, and in 
polystyrene as in paraffin wax it is probable that we have 
a mixture of chains of various lengths. The hydro¬ 
carbon chains are very much longer in polystyrene than 
in paraffin wax, and they are also loaded at intervals with 
benzene rings, thus:— 

“CHo—CH—CH 0 —CH-CH,,— . . 


. —CH—CH 2 —CH- 


c 6 h 5 


^6-^-5 


c 6 h 5 


c 6 h 5 


It is therefore not surprising that the plastic properties 
of polystyrene are more pronounced than those of 
paraffin wax. 

The molecules of polystyrene may be of such a length 
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as to contain 20 000 carbon atoms. It is to be expected 
that these long thin threadlike molecules will in the 
ordinary way be coiled and intertwined in a somewhat 
irregular manner, and such an arrangement might be 
expected to have plastic properties even if the molecules 
were all of the same structure, so that the material was a 
pure chemical compound. For, unlike the ordinary small 
molecule, the long molecule may have several points of 
attachment to neighbouring molecules. The application 
of heat imparts energy of vibration to the molecules, but 
the molecule is able to take up so many different configura¬ 
tions and corresponding modes of vibration, that as heat 
is supplied it is no longer necessary for it to jump from the 
position corresponding to the solid to that corresponding 
to a liquid as soon as its energy reaches a certain value. 
When the thermal agitation is sufficient to break some 
of its points of attachment, the molecule changes its 
configuration and modes of motion, so that it is still able 
to carry the additional energy of vibration but at the 
same time to maintain a few strong points of attac hm ent 
to neighbouring molecules. The structure therefore 
does not break down at a definite temperature but 
gradually loosens as the temperature rises. 

The plastic condition may therefore arise in various 
ways, but it will be clear that the most favourable con¬ 
ditions for the production of resins are those which per¬ 
mit the formation of molecules having many possible 
configurations and modes of vibration,-and also of many 
molecules of similar construction but varying in size. 
Both of these conditions are satisfied by large complex 
molecules of a flexible character, such as can be built up 
on the unit principle, like the making of chains of various 
lengths from links of a standard size, or the assembling 
of an expanding bookcase, which may expand in several 
directions. Other things being equal, one might expect 
that the attainment of the desired condition would 
require larger structures of the plain chain type than of 
those having projections. Thus, although a typical 
molecule of polystyrene may contain, say, 20 000 
carbon atoms, molecules of this size are not essential 
to resin formation. Much will depend on the configura¬ 
tion of the unit, and the number of active points on it, 
i.e. the number of points on it at which attractive forces 
are concentrated. Broadly speaking, however, the art 
of the plastics chemist consists in the building-up of 
large molecules from simpler units, and his success has 
resulted in the production of a great range of synthetic 
resins, many of which possess very valuable electrical 
and mechanical properties. Materials with molecules 
of these types were found in nature long before the 
days of synthetic resins, and it is significant that since 
the earliest days of the electrical industry among the 
materials most widely used have been the natural 
plastics—shellac, bitumen, gutta percha, rubber, rosin, 
and amber. 


(4) ELECTRICAL PROPERTIES AND STRUCTURE 
It is impossible to examine the relation between the 
electrical properties of plastics and the chemical and other 
factors governing their production without some refer¬ 
ence to the physical chemistry of dielectrics in general, 
and to recent theories of dielectrics. Detailed surveys 


of these fields have been made by one of the authors* and 
by W. Jackson.f It is merely necessary to give here a 
very brief sketch of those parts of the subject which are 
applicable to plastics. 

The most obvious fact bearing on the problem of the 
connection between dielectric properties and structure 
is that these properties are not simply determined by the 
kinds of atoms which a material contains. The metals 
possess no insulating properties; on the other hand, 
mica, which is an excellent insulator, contains atoms of 
potassium, magnesium, aluminium, etc. There is, 
however, ample evidence of a connection between insu¬ 
lating properties and molecular structure. All the hydro¬ 
carbons are good insulators, while substitution products 
of high dielectric-constant (alcohols, acids, esters, etc.) are 
greatly inferior to the corresponding hydrocarbons. Water 
is particularly bad, and is so much the bugbear of the 
electrical engineer that it will be considered in detail later. 

These facts have, to some extent, been explained. 
Thus water, alcohol, nitrobenzene, and other liquids of 
high dielectric-constant tend to ionize materials dissolved 
in them. The force of attraction between two oppo¬ 
sitely-charged particles varies inversely as the dielectric 
constant of the surrounding medium. Thus such pax*- 
ticles are comparatively loosely held together in water, 
etc., and therefore any molecule containing parts charged 
positively and negatively, held together by electric 
attraction, tends to separate into two oppositely-charged 
ions, on immersion in such liquids. Any electric force 
acting on such a material causes the two kinds of ions 
to drift in opposite directions along the lines of force, 
and it is this drift which constitutes the leakage current. 
Surface leakage is usually due to the motion of ions in an 
adsorbed film of water on the surface of a solid material. 
Ionic currents may also flow through solid materials, 
but it is to be expected that the motion of the ions will 
be more restricted than in a liquid. Nevertheless, the 
leakage current in bodies like glass is known to be 
largely ionic in character, and it is quite probable that 
this is also true of synthetic resins, especially those 
prepared with strongly ionized catalysts like HC1. 
The phenomenon of electrical breakdown (electric 
strength) in resins may also be explained by these ionic 
currents. The mobility of the ions is greatly increased 
by a rise in temperature, and as the voltage is increased 
the heat generated by the ionic current raises the tem¬ 
perature, so that the current increases more and more 
rapidly until an unstable condition is reached and the 
material is melted or decomposed at the hottest spot. 
Such an action might obviously occur in the adsorbed 
film on the surface of a solid, and'it is found that conduct¬ 
ing paths are sometimes burnt on the surface of a solid 
in this way (tracking). 

The phenomena associated with dielectric displace¬ 
ment (dielectric constant) and power factor require 
further consideration. We have stated that the dielec¬ 
tric displacement, which is proportional to the dielectric 
constant, is analogous to the mechanical displacement 
of an elastic diaphragm. Thus, it must be of the 
nature of a movement of electricity which reaches a 
definite value the instant the electric force is applied and 

* L. Hartshorn: Journal I.E.E., 1926, vol. 64, p. 1152; and Reports o 
Progress m Physics (published by the Physical Society), 1936, vol. 3, p. 206. 
t W. Jackson: journal I.E.E., 1936, vol. 79, p. 565. 
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remains at that value until the force is removed, when 
the movement is reversed and the original condition 
restored. It is to be remembered that all matter consists 
■of positive and negative charges locked together in a 
more or less stable equilibrium by the attractive forces 
between them. When the electric force is applied, the 
positive and negative charges tend to move in opposite 
•directions and are displaced until the increased attractive 
forces called into play prevent further motion. This 
provides an adequate explanation of the electrical dis¬ 
placement in materials of low dielectric-constant, but the 
high dielectric-constant of materials like water and alco¬ 
hol diminishes very rapidly with rise of temperature, a 
fact which is quite inexplicable in terms of the electric 
distortion of the molecules described above. Electric 
displacement may, however, also arise from the rotation 
of molecules as a whole. If the positive and negative 
charges constituting a molecule tend to be concentrated 
■at opposite ends, then, although the molecule as a whole 
is neutral and will not drift in the field like a single ion, 
it will possess positive and negative electric poles 
analogous to those of a magnet, and will turn in the elec¬ 
tric field like a magnet in a magnetic field. This rotation 
of a polar molecule constitutes an electric displacement. 
Materials like water, nitrobenzene, and alcohol are polar 
in this sense. Their .high dielectric-constant is almost 
■entirely due to molecular orientation. The diminution 
of dielectric constant with rise of temperature is explained 
by the effect of thermal agitation, which tends to cause a 
random motion of the molecules and to prevent an orien¬ 
tation in one particular direction. Such molecular 
rotation may also be opposed by forces of viscosity, and 
these may account for the loss of power when the 
molecules are set in vibration at high frequency—in 
other words, for the power factor of the material. 

Thus it is to be expected that the dielectric properties 
of a material will depend largely on its molecular struc¬ 
ture. Materials with polar molecules will possess rela¬ 
tively high dielectric-constants, but probably high 
power-factors. There is, however, considerable evidence 
to show that molecular structure is not the only factor 
•controlling the electrical properties of a material. The 
■effect of macro-structure must also be considered. 
Suppose, for example, that a body consisted of a number 
■of conducting particles embedded in a perfect insulating 
medium. Such a body would show no leakage current. 
On the other hand, on applying the electric force, ions 
would move within the conducting particles, the positive 
and negative charges collecting at either end, and when 
the force was removed these ions would move back under 
the influence of the field produced by the displacement of 
their charges. Thus the motion would constitute an 
■electric displacement, and if the frequency was high the 
•energy dissipated in the particles might be considerable, 
and we might have a dielectric with zero leakage but high 
power-factor. This theory is obviously applicable to 
composite materials, such as a moulding made with a 
resin and filler, or a laminated board, and a somewhat 
■similar idea has also been advanced to explain the power 
factors of apparently homogeneous materials. It has 
been suggested that all materials, even crystals, are 
subjected to certain irregularities of structure. The 
crystal is conceived as a kind of mosaic structure of small 


perfect units (of, say, 10 4 molecules) separated by surfaces 
of discontinuity. Absorbed moisture is held in the 
spaces between the units, and ions are to be found there. 
The ions may be either free or adsorbed on the surfaces 
of the units,, and therefore capable of moving over a 
surface but not leaving the unit to which they are 
attached. Such ions will evidently give rise to electric 
displacement and power loss under alternating voltage, 
while the free ions give rise to leakage. 

(5) EXPERIMENTS ON PHENOLIC RESINS 

General 

* 

We now proceed to an experimental study of synthetic 
resins of the phenolic type and the heat-hardening 
variety. This type of resin was selected for examination 
since it is the one most widely used in the electrical 
industry. As is well known, it is used in conjunction 
with paper or fabrics to form laminated boards of great 
mechanical strength, while in conjunction with finely- 
divided materials ranging from wood to mica it forms 
moulding compositions which have valuable electrical 
and mechanical properties, and which are relatively 
cheap. It must, however, be admitted that the use of 
these materials in communication engineering is limited 
by their power factor, which is seldom less than 0-02 and 
often considerably greater. It is therefore important 
that we should find out how much of this power loss is 
due to the filling material, and how much to the pure 
resin; and whether the loss in the resin itself is due to 
impurities or to variations in manufacturing processes, 
or is inherent in the structure of the resin. For this 
purpose, measurements were made of the dielectric 
constant (permittivity) and power factor of a series of 
specially-prepared pure resins under various experi¬ 
mental conditions. 

The resins were examined in the form of thin films. 
Details of their preparation have been published else¬ 
where.* It is sufficient to state here that sheets of 
copper foil were coated on both sides by being dipped 
into alcoholic solutions of the resin, heated at 80° to 90° C. 
for some hours, and finally stoved overnight at 150° C. 
By repeating, the process, films of any desired thickness 
were built up. The sheet with its double film was 
supported in a conditioning enclosure by the arrange¬ 
ment shown in Fig. 2. The faces of the clamps are 
recessed, and the recesses can be either flooded with 
mercury, thereby providing the samples with mercury 
electrodes for testing, or swept out with dry air at reduced 
pressure. It will be evident that the condition of the 
sample could be varied and tests made at any stage of 
the process without disturbing the sample in any way. 

The experiments showed that under ordinary condi¬ 
tions the pure phenol-formaldehyde resin has a power 
factor of 0-013 (at a frequency of 1 000 cycles per sec.), 
and a dielectric constant of 4- 7. The variations of these 
quantities among samples prepared on different occasions 
amounted to about ± 10 %, but within these limits the 
values were the same for films of all thicknesses from 
0-03 to 0*2 mm., and for resins prepared with various 
catalysts (ammonia, triethylamine, and pyridine). More- 

* L. Hartshorn, N. J. L. Megson, and E. Rushton: Journal of the Society of 
Chemical Industry, 1937, vol. 56, p, 266T, 
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over, the deliberate addition of various likely impurities 
had no very large effect. The effects of adding 0*7 % 
by weight of " hexamine ” or 2 ■ 5 % by weight of phenol 
were negligible, while 0-5 % by weight of caustic soda 


that the introduction of methyl groups causes a consider¬ 
able diminution of power factor under ordinary condi¬ 
tions, and a slight fall in dielectric constant. The actual 
values are given in Table 1. 



Fig. 2.—Mercury electrode-clamps: diagram showing arrangement for drying specimen. 

Drying is carried out at 100° C. and at low pressure, by passing dried air slowly over the specimen. After drying has been completed, mercury is immediately 

introduced into electrode-clamps through S-way cocks SS. 


increased the dielectric constant to 5*1 and the power 
factor to 0* 019. 

Resins were also prepared using various proportions of 
phenol and formaldehyde, from 1 to 2 mols of formal¬ 
dehyde to 1 mol of phenol, but again the values were the 
same. It therefore becomes clear that these values are 
characteristic of the resin. The results suggest that the 
structure of the hardened resin was the same in all cases, 
and that only a definite proportion of formaldehyde can 
be taken up into combination in the formation of the 
hardened resin, any excess being driven off in the final 
heating. Thus the structure might well have been as 
shown in Fig. 3, for which the molecular proportions of 

Table 1 


Permittivity and Power Factor of Phenol, w-Cresol, 
and w-5-Xylenol Resins: Frequency 1 000 cycles 
per sec., Temperature 20° C. 


Resin 

Permittivity 

Power factor 

Undried 

Dried 

Undried 

Dried 

• Phenol-formaldehyde 

4*6 

4*0 

0*0120 

0-0083 

m-cresol-formaldehyde 
m- 5-xylenol-formalde- 

4-6 

4*2 

0*0087 

0-0050 

hyde 

4-0 


0*0050 

" " 


formaldehyde to phenol approach the value 1*5 to 1 
as the size of the structure is increased. 

Perhaps the most obvious way of modifying this 
structure is to prepare resins with m-cresol, and m- 5- 
xylenol, instead of phenol. The resulting modifications 
consist in replacing hydrogen by methyl (CH 3 ) groups; 
in the case of m-cresol, substitution occurs at one point 
in each ring at positions marked * or f, while in the case 
of m-5-xylenol it takes place in the two positions * and f. 
When resins were prepared from these phenolic homo- 
logues and tested, the very interesting result was found 


It should be remarked that the resin prepared from 
m-5-xylenol was very brittle, and cracked on heating, so 
that it might prove to be of little practical value in spite 
of its lower power-factor. Nevertheless, the results 
are of value in showing the considerable changes in 
properties that can be brought about by simple changes 
in structure. 


OH * OH t 



Fig. 3.—Structure of phenolic resin in hardened state. By 
the use of m-cresol or m-5-xylenol, methyl groups may be 
substituted at points marked * and f. 

Moisture Content 

The above-mentioned measurements were all made on 
resin films which had been kept under ordinary room 
conditions. It has already been noted that the presence 
of moisture in a material usually diminishes its value as 
an insulator, and it therefore became desirable to find out 
to what extent the above values were associated with 
moisture which the resin may have absorbed from the 
atmosphere. For this purpose the atmosphere of the 
test-enclosure was first maintained at a temperature 
of 20° C. and a relative humidity of 75 %, and measure¬ 
ments were made on resin films which were in equilibrium 
with this atmosphere. The mercury was then removed 
from the electrode clamps, a vacuum pump applied to the 
outlet tubes, dry air admitted to the inlet tubes, and the 
enclosure heated to 100° C., so that any moisture in the 
film would be removed. After a time the mercury was 
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re-admitted and measurements again made at 20° C. A 
considerable reduction in the value of power factor was 
observed, and the drying process was therefore con¬ 
tinued until the readings became constant, at which 
point it was assumed that all the water had been driven 
off. The values are given in Table 1. As previously 
mentioned, the heating caused the m-5-xylenol resin to 
crack, so that it could not be tested after drying. The 
results show that at least one-third of the power loss in 
the material under ordinary conditions is due to the water 
which it absorbs from the atmosphere. If the moisture 
were held as a film on the outer surface, the dielectric 
constant and power-factor would be expected to be 


an equilibrium condition after any change in their 
surrounding medium, so that the results of short-period 
tests cannot represent the true moisture-content. 

Since the water permeates the mass of the resin, the 
material must be regarded as possessing a more or less 
open structure, containing spaces through which water 
may pass and in which it is held. The presence of this 
water is also sufficient to account for the comparatively 
large increase of power factor produced by the addition 
of a little caustic soda. This material would probably 
be ionized by the water, and the motion of the ions in the 
water-containing spaces would account for the increased 
power-loss. 



Fig. 4 . —Water-absorption of phenolic resins. 


No. 

Catalyst 

Thickness, mils. 

Remarks 

1 

Ammonia 

2-0 

On foil 

2 

Ammonia 

2-8 

On foil 

3 

Pyridine 

4-8 

On foil 

4 

Pyridine 

6-5 

Detached 

5 

Triethylamine 

2*1 

On foil 

6 

Triethylamine 

27-0 

Detached 


different for thin and thick resin-films. Since, however, 
it has been shown that the dielectric properties do not 
vary appreciably with thickness, it follows that the 
moisture permeates the whole mass of the film. It will 
be observed that the drying also causes a diminution of 
dielectric constant, and from the value for the dried 
material, and the known value for water, it is possible 
to estimate the water content of any sample of which the 
dielectric constant is known. Thus it is estimated that 
the films absorb 3 % to 4 % (by volume) of water from 
an atmosphere of 75 % humidity. These values were 
afterwards checked by weighing samples which had been 
first dried and then stored in a suitable atmosphere 
(see Fig. 4, and Appendix). These values are much 
higher than those usually quoted for phenolic resins, 
but it is to be remembered that the latter are usually 
based on measurements made on comparatively thick 
specimens. It is clear from the authors’ measurements 
that such massive specimens would take months to reach 


Effects of Temperature and Frequency 

The variation of properties with change of temperature 
was determined by making measurements as the tem¬ 
perature of the enclosure was varied, the mercury being 
left in contact with the surfaces of the films, so as to 
prevent changes of moisture-content during the heating 
and cooling. The reproducibility of the results on 
alternately heating and cooling the samples, both slowly 
and rapidly, showed that the effects observed were due 
to changes of temperature alone and not to changes of 
water content. The results are shown in Fig. 5. Meas¬ 
urements were made at various frequencies, and the 
effects of change of frequency may also be seen in the 
Figure. 

It is seen that over the range covered by the experi¬ 
ments the power factor of the dried resin steadily 
diminishes with rise of temperature; that of the undried 
material also diminishes with rise of temperature at high 
frequencies, but increases at low frequencies. This 
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difference between dried and undried material suggests 
that the power loss due to the water content is of a 
different character from that due to the resin structure 
itself. 

The change of dielectric constant with temperature 
is very small. 

Resin Composites 

It is instructive to consider the above results in relation 
to the properties of laminated boards and mouldings 
made with phenolic resins. As is well known, the 
power factors of these materials are considerably greater 
than those found for the pure resins, and moreover they 
always increase, rapidly with rise of temperature. The 


might confer advantages that would be of overwhelming 
importance in special applications. Thus mineral fillers, 
which are of very low power-factor, and which are rela¬ 
tively little affected by water (e.g. mica and certain 
forms of silica)', should give low power-factors and, 
incidentally, permanence of linear dimensions, and special 
heat-resisting qualities. It is interesting to note that 
the use of silica-gel as a filler in composite dielectrics 
has been described in patent literature.* The idea is 
apparently that silica-gel acting as a drying agent would 
remove the water from the other constituents. But 
would the water do less harm in the silica-gel than in the 
other materials? The authors have not been able to 
find any information on this point. 
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Temperature,°C. 

Fig. 5._Variation of dielectric properties of phenolic resins with temperature and frequency. The number attached 

to each curve gives the frequency in cycles per second. 

-Sample at 75 % relative humidity. 

_____ Sample dried at 100° C. 


power factor of dried paper (0*0025) is considerably less 
than that of the pure resin, and it is almost independent 
of temperature. One might therefore expect to be able 
to make laminated boards with a power factor of, say, 
0*005 instead of at least 3 or 4 times this amount. The 
experiments on water-absorption show why this is not 
possible. The composite material consists of fragments 
of cellulose, etc., cemented together by thin films of 
resin such as we have examined. These films, as we 
have shown, are pervious to atmospheric moisture, 
which passes into the paper or wood and raises its power 
factor above that of the resin-film itself. These con¬ 
siderations emphasize the desirability of producing resins 
which are impermeable to water. 

An alternative method of tackling this problem is the 
use of fillers on which water exerts a less harmful effect 
than it does on paper. In this connection questions of 
cost and mechanical strength are apt to become predomi¬ 
nant. Nevertheless, it is obvious that certain fillers 


Conclusions: Structure 

Surveying the whole of the experimental results, we 
see that the power factors of the hardened phenolic 
resins are probably characteristic of their structure, 
which may be roughly represented by the chemical 
network of Fig. 3. The OH groups distributed through¬ 
out this network are known to be strongly polar, 
and therefore tend to set themselves in line with any 
electric field that may be applied to the material. When 
a rapidly alternating field is applied, these polar groups 
will therefore tend to vibrate, and in accordance with the 
theories previously mentioned it is suggested that the 
power loss in the material is associated with this vibration. 

The network shown contains no water molecules, so 
that the above remarks refer to the dried resin. It has 
been shown, however, that in an ordinary atmosphere 
the resins take up 3 % to 5 % of water, which means 
that they acquire 1 molecule of water to each 4 or 6 

* British Patent Nos. 182422-1921 and 231781-1924. 
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benzene rings, and this quantity of water increases the 
power factor by 50 % or more. It is not known how 
this water is held by the material, except that it is not 
by chemical forces. The large effect on the power factor 
produced by a little caustic soda suggests, however, that 
the water collects in certain spaces in the resin structure, 
either within the molecule or between molecular aggre¬ 
gates, and that the power loss associated with it is due to 
the motion of ions within these spaces. The fact that 
the additional power loss produced by the water varies 
in a different way with temperature from that in the 
dried material, is consistent with the suggestion of two 
different mechanisms for the two components of loss. 

It is interesting to consider the relation between 
structure and water-absorption. It has been pointed 
out that a polar molecule or group of atoms such as the 
OH group is analogous to a permanent magnet, and just 
as a magnet attracts iron, a polar group will attract 
materials of high dielectric-constant, of which water 
is an outstanding example. Thus materials which are 
of an open structure, and which contain polar groups, 
are likely to absorb the most water. It is therefore 
probable that the water-absorption of the phenolic resins 
is due to the OH groups in the structure. In this con¬ 
nection it is interesting to note that, although the addi¬ 
tion of methyl groups to the structure greatly reduces 
the power factor of the dried resin, the increase of power 
factor due to moisture-absorption is not affected. This 
is quite consistent with the idea that the water-absorp¬ 
tion is due to the OH groups, for the concentration of 
OH groups per unit volume of resin is clearly not greatly 
affected by the substitution of the methyl groups. The 
reduction in power factor produced by the substitution of 
methyl groups is more difficult of explanation. It must 
be remembered, however, that each polar OH group is 
acted upon, not only by the applied electric field, but 
also by the electric fields of its neighbours, and that its 
displacement by the applied field will therefore to some 
extent be controlled by the internal electric field.. The 
presence of additional carbon and hydrogen atoms in the 
spaces between the polar groups would certainly modify 
the internal electric field, and therefore the displacement 
of the polar groups, and the observed reduction in power 
factor and permittivity probably arises in this way. 

A different explanation of the decrease of power factor 
on the introduction of methyl groups is advanced by 
H. Stager* from an examination of the properties of 
resins made with phenol-cresol mixtures. He suggests 
that m-cresol on condensation yields comparatively 
non-polar molecules of large size, and that phenol, on the 
other hand, forms strongly polar molecules of smaller 
dimensions. Stager also finds considerable lowering of 
dielectric constant by the introduction of methyl groups. 
Unfortunately lie expresses no views as to why the 
additional methyl groups should reduce polarity. 


which have been made, noting particularly the newer 
developments. The need for more information about 
most of these materials is obvious, but what is already 
known, considered in relation to the general principles 
already outlined, suggests some ideas on future progress. 

We have seen that plastics are essentially materials 
of which the molecules are relatively large complex 
structures, each molecule being built up from units of 
one particular kind, the size of the molecule depending 
on the number of units. It is to be expected that the 
properties of plastics will depend largely on the properties 
of the unit from which their molecules are built up, and 
it is therefore proposed to consider the various units 
from which plastics have already been built, and the 
properties of the resulting product. 

The comparatively high power-factor of the phenolic 
resins has been attributed to the presence of a polar 
OH group in the unit. This suggests that if a struc¬ 
ture could he made similar to that shown in Fig. 3, hut 
containing no polar groups, it would possess electrical 
properties superior to those of the phenolic resins. The 
most obvious change to make is to replace OH by H, 
thereby forming a hydrocarbon structure. No records 
of a hydrocarbon resin of this particular structure appear 
to exist, but seveyal hydrocarbon resins have been made, 
and their electrical properties are outstandingly good. 
Their characteristic units are shown in Fig. 1. 


Hydrocarbon Plastics 

The first two of the hydrocarbon plastics shown, 
polystyrene and polyindene, have been made in the form 
of clear gl ass-like solids. The outstanding characteris¬ 
tic of these materials is their low dielectric-constant 
(about 2-5) and very low power-factor. Precise data 
are not available for both of these materials, but samples 
of polystyrene have given power factors as low as 0-0002, 
and it follows that these materials are almost ideal for 
work in which the minimum power-dissipation is of the 
first importance. Examples are cables for very high 
frequencies, e.g. for television, moulded components for 
ultra-short-wave radio work, and junctions for high- 
voltage cables. These two materials are apparently 
not yet being produced in this country.* Polyethylene 
has, however, recently been produced, and judging by 
its characteristic unit [Fig. 1(a)] it should have electrical 
properties similar to those of polystyrene and polyindene. 
No information is, however, available on this point. 

Plastics having the following characteristic units 


—CH— 

KJ 


/\ch 2 - 




(6) NEW DEVELOPMENTS 
Structural Units 

The electrical properties of resins of one type having 
been studied in some detail, it is proposed to survey 
briefly from the same point of view the various types 
* Helvetica chimica acta, 1931, vol. 14, p. 28S. 


have also been prepared from benzyl chloride and benzyl 
alcohol respectively, but little is known about their 
electrical and mechanical properties. 

The hydrocarbons also include rubber and polybuta- 

* Since the above was written, “Distrene,” a polystyrene plastic made in 
this country, has become commercially available. 
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diene, a synthetic rubber. The similarity of the charac¬ 
teristic units of these two materials is obvious. The 
units have methylene groups at both ends, and it is 
believed that it is the junctions of these groups which are 
sensitive to oxygen and which are responsible for the 
deterioration of these materials with age. The power 
factors and dielectric constants of these materials are 
low, but the chemical instability of the materials and the 
fact that they are not usually obtained in a very pure 
state make it difficult to give representative values. 

It is to be noted that all these hydrocarbons form long 
chain structures. The characteristic unit functions as 
though it has two points of attachment only, and there¬ 
fore forms linear molecules only. All these materials 
are thermoplastic and tend to swell or dissolve readily 
in liquids like benzene. Such properties appear to be 
characteristic of the linear molecule. We may picture 
the long threadlike molecules as sliding easily over one 
another on heating, and the solvent molecules as easily 
forcing the unattached threads apart. These properties 
may have their uses, such as the production of insulating 
varnishes, but for many purposes they are disadvantages. 
Possible means of overcoming them will be considered 
later. 

Substituted Hydrocarbons 

The substituted hydrocarbons shown in Fig. 1(6) are of 
interest in showing the kind of change which may be 
brought about by the substitution of an atom of Cl, O, 
or S for one of hydrogen. These atoms are electro¬ 
negative to hydrogen, and it therefore follows that the 
result of the substitution is to make the distribution of 
electric charges within the molecule less symmetrical: 
in other words, the molecule acquires an electric moment, 
and, as we have seen, this tends to increase both the 
dielectric constant and the power factor. The electrical 
properties of these materials are therefore not so good 
as those of the hydrocarbons. The substitution may, 
however, improve the chemical properties of the materials. 
Thus polychloroprene and olefine-polysulphide are syn¬ 
thetic rubbers which, unlike natural rubber, are oil- 
resistant. Chlorinated rubber is more stable than 
natural rubber, and has alkali-resisting properties which 
make it of value as a coating material. The pure material 
has not the elastic properties of rubber, but may be 
obtained as a transparent thermoplastic resin,. of a pale 
brown colour, and with good electrical properties. Mix¬ 
tures of various chlorinated diphenyls may be obtained 
in many forms, ranging from clear liquids to glassy solids. 
U nlik e the corresponding hydrocarbons they are not 
infl ammab le, and are therefore of value in the electrical 
industry as impregnating media. For this purpose the 
increase of dielectric constant produced by the chlori¬ 
nation may be an advantage. 

It is to be observed that the addition of sulphur to the 
rubber molecule causes a profound change in the charac¬ 
ter of the unit of the structure. It has four points of 
attachment to neighbouring units instead of two, and the 
resulting molecule is not merely of the chain type, but of 
a kind of lattice structure in two or three dimensions. 
As a result of the change of structure the material loses 
its characteristic elastic properties and becomes much 
more rigid: the rubber changes to ebonite. As in pre¬ 


vious cases, the introduction of the sulphur gives the 
molecule a certain polarity and tends to increase both 
dielectric constant and power factor, but the increased 
rigidity is in itself very valuable for many purposes, and 
no doubt contributes to the very high electric-strength, 
which is perhaps the most valuable electrical property of ■ 
the material. 

Data concerning the properties of these and other 
materials are collected together in Table 2. The values- 
have been selected from published literature, which is full 
of inconsistencies. It is, however, believed that the 
values given are sufficiently representative of present- 
day materials to serve as an indication of the present 
state of the art. 

Heat-hardening 

The property of hardening instead of softening on the 
application of heat is one of considerable practical impor¬ 
tance to both moulders and users of plastics, for it 
obviously tends to increase the working temperature- 
range of the material, to give improved mechanical' 
properties, and also to reduce the time of the moulding 
operation by allowing the finished article to be removed 
from the mould while still hot. Such hardening is. 
obviously likely to occur whenever the application of 
heat increases the size or complexity of the molecules of 
the material. We have seen that plastics of which the 
characteristic unit has only two points of attachment have 
molecules of the chain type. The application of heat, 
causes an increase in the thermal vibrations of the chains,, 
and this is not likely to lengthen them. The complexity 
of the molecule is therefore unaffected and the material! 
is thermoplastic, i.e. softens on heating. It is only in 
plastics of which the characteristic unit has three or more 
points of attachment, or “ active ” points, that the above- 
mentioned property of heat-hardening or thermo-setting, 
is to be found. Such plastics may exist in two stages: 
one of lower complexity in which the material is plastic, 
and soluble in suitable solvents, and one of higher com¬ 
plexity formed by the linking of the simpler units into a 
complex three-dimensional structure, which makes the 
material vitreous instead of plastic, and insoluble in the 
usual solvents. When the structural unit has three- 
active points we may suppose that the chain structure 
is the first to form, since the units at the ends of a chain 
have the greatest freedom and are therefore the most 
likely to satisfy the conditions of orientation, etc., for the- 
linking-up of another unit. Thus the plastic condition 
with chain molecules is first obtained. As the tem¬ 
perature rises, the vibrations of the chains increase, and. 
the additional flexibility permits linking to occur also at. 
the active points throughout the length of the chains. 
The chains are assembled into a cross-linked structure- 
in three dimensions, which is characteristic of the vitreous, 
state of the material. The linkages, once formed, are 
very strong, and solvent molecules are no longer able to- 
force their way in, and open out the structure. 

It is to be noted that the heat-hardening resins have 
all the advantages of the plastic state when they are- 
required, i.e. during moulding, but none of the disad¬ 
vantages when they are not required, i.e. during the use 
of the finished product. It is therefore not surprising 
that they are commercially far more important than the 
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others, although their other properties may not be so indicate that only half of each group belongs to the 
good. The characteristic units of the various resins of unit shown. In the hardened state this material is 
the heat-hardening type are shown in Fig. 6. The familiar to the electrical engineer as bakelite, while in the 

Table 2 


Properties of Plastic Insulating Materials 




Power factor at 

10 n cycles per sec. 

Resistivity 


Softening (a) 
or 

maximum ( b) 
temp. (° C.) 

Mechanical 

strength 


Material 

Dielectric 

constant 



n 

Volume 

(ohm- 

cm.) 

Surface 

(ohm) 

Electric 
strength 
(kV per mm.) 

Cross- 

break¬ 

ing 

(kg. per 

Impact 

(kg.cm.) 

Examples 










cm2) 



Hydrocarbons 

Polystyrene .. .. 

2-2-2-5 


0-0004 

3 

10 17 

10 13 

40-100 

70 (a) 

600 

2 

Trolitul, 

Victron 

Polyindene 

2 • 4—3 • 5 


0-0004 

6 

— 

— 

60 

60 (a) 

_ 

_ 


Rubber (raw) 

2-5 


0-002 

3 

10 15 

— 

30 

10(a) 

— 

— 


Substituted hydrocarbons 
Vulcanized rubber (pure) 

3-0 


(0-006 

3 1 

10 13 

10 15 

150 

65 {b) 

1100 

50 

Ebonite 




10-009 

6J 







Vulcanized rubber (with 

4-5 


[0-012 

3\ 

10 14 

— 

70 

85 (b) 

750 

12 


heavy mineral loading) 



10-03 

6J 







Vulcanized rubber (silica 

3-5 


[0-006 

3 1 

— 

— 

— 

80 (6) 

700 

10 


loaded) 



10-009 

6J 







Chlorinated diphenyl .. 

5 


0-01 

3 

— 

— 

7 

— 

— 

— 

Permitol 

Heat-hardening plastics 
Phenol-formaldehyde 

4-7 


0-013 

3 



50-100 

150 (5) 




(unfilled) 

Phenol-formaldehyde 

3-7 


0-007 

3 







70 (a) 

(Novolak) 

Phenol-formaldehyde 

5 

0 

•02-0-04 

3 

10 u 

I0 12 

10 

800 

2-5 

Bakelite, 

150 (6) 

(wood-filled) 







♦ 



Mouldrite 

Phenol-formaldehyde 

5 


0-03 

6 

10 12 

10 12 

10-30 

150 (b) 

1500 

9 

Bakelite, 

(laminated paper) 










Tufnol 

Urea-formaldehyde 

5-7 

0 

•03-0-05 

3 

10 12 

10 12 

10 

100 ( b ) 


__ 

Beetle, 

(wood-filled) 










Mouldrite 

Urea-formaldehyde 

5-6 

0 

•03-0-04 

3 

>10 12 

10 12 i 

10 

100 (b) 

850 

3 

Beetle, 

(paper-filled) 










Mouldrite 

Aniline-formaldehyde 

3-4 


0-04 

2 

— 

— 

20 

. 


. --, r 

(laminated paper) 
Glycerol phthalate 

5 


0-01 

3 

— 

10 15 


150 (6) 

_ 

-- 

Glyptal 

Organic glasses 

Cellulose acetate.. 

4-6 

J 

'0-03 

n 

10 13 


25-40 

60 (a) 

550 

5 

Cellomold 



1 

.0-06 

6J 







Cellulose nitrate 

3-4 


0-05 

6 

10 11 

10 11 

10-30 

40-60 (a) 

600 

_ 

Celluloid 

Methyl methacrylate 

2-8 

1 

'0-03 

3 1 

10 ]5 

10 14 

20 

60 (a) 

600 

3 

Diakon 

Vinyl acetate 

4 

( 

\ 

.0-02 

0-014 

6J 

n 

1 

>10 14 

_ — 

18 

50-65 (a) 



Perspex 

Vinylite 



1 

0-017 

6J 







Vinyl chloride + 

Vinyl acetate 

3 


0-015 

■ 

3 

>io 12 ; 

>10 12 

20 

50-65 (a) 

— 

— 

Mipolam 


phenol-formaldehyde resin in the hardened state has plastic state it is familiar as Novolak, used for insulating 

already been considered in detail. Each CH., group of varnishes. 

the structure is shared by two benzene rings. In the Somewhat similar resins can be made using an i lin e 
diagrams these groups are therefore shown cut across, to instead of phenol (Fig. 6). Since these resins contai n 
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no OH groups, one might at first sight expect their 
electrical properties to be much better than those of the 
bakelites. However, the NH 2 group is also polar and no 
great superiority of electrical properties is claimed for 
these materials, except that the surface does not break 
down by tracking at high voltage. 

The urea-formaldehyde resin (Fig. 6) is familiar as 
Beetle ware. This differs in structure very considerably 
from the other two resins, but appears to possess no 
outstanding electrical properties except that it is non¬ 
tracking. Its most distinctive feature is that it can be 
made colourless, and therefore can be produced in almost 
any desired colours. The use of a proportion of thio-urea 
(NH 2 ) 2 CS instead of urea (NH 2 ) 2 CO appears to improve 
the electrical properties. 



Heat-hardened 

(BAtfEUTE) 



THERMOPLASTIC 

(NOVOLAIf) 


Phenol - formaldehyde 



Meat-hardened Thermoplastic 

Anil ine — forma ldeh yde 


■-I-0 — 


i co 


UREA - FORMALDEHYDE 


CO O CH-tH 0 0C 

_w O 0“"' 

Glycerol Phthalate- 
(qlyr tal ) 


properties are not outstanding. The great virtue of 
such materials is that they provide these properties asso¬ 
ciated with other properties which are of special value in 
certain applications. Thus it is well known that the 
most valuable property of celluloid is that it provides 
transparent films which are very flexible, very tough, 
transparent, and cheap. Dangerous inflammability 
rules out the use of celluloid for electrical purposes, but 
cellulose acetate provides almost the same properties 
without the inflammability. Cellulose acetate (e.g. 
Cellomold) also combines fairly good electrical and 
mechanical properties with ease of injection moulding, 
transparency, water-resisting properties, and a high 
dielectric-constant. It has therefore been successfully 
used for the terminations of high-voltage cables. The 
high dielectric-constant of the material reduces the 
electric field in the critical part, while the other properties 
are all obviously necessary for the success of this par¬ 
ticular application. 

The methyl acrylic ester (Perspex and Diakon) may be 
roughly described as an unbreakable glass. It is more 
transparent than ordinary glass, and has excellent 
machining properties and mechanical properties gener¬ 
ally. Its electrical properties are not sufficiently out¬ 
standing to give it many purely electrical applications, 
although it has obvious advantages for use as a window 
material in instrument work. 


s H 

ROHc\ 

I 

rohc^ch-ch^or 
?h 


r 


Cellulose Derivatives. 

R* NITRATE, ACETATE, BENZYL,ETC. 


CH 

L 

- CH-C - 

CO.OCHj 

Methyl Methacrylate 


Fig. 6.—Characteristic units in the structure of 
heat-hardening plastics. 

The last of the heat-hardening resins, shown in Fig. 6, 
is of quite a different type. It is obtained by the com¬ 
bination of glycerol and phthalic anhydride (Glyptal). 
It is said to be specially suitable for bonding mica 
(Glyptanite). 

Organic Glasses 

Two other classes of resins remain to be considered, 
the vinyl and cellulosic resins, and since they are all 
thermoplastic, and used more for their mechanical 
properties and optical transparency than for their purely 
electrical properties, they may be grouped together as 
the organic glasses. The most familiar examples are 
celluloid (cellulose nitrate) and cellulose acetate, while 
the vinyl derivatives include Perspex, a relatively new 
material remarkable for the excellence of its optical and 
mechanical properties. The characteristic units of these 
materials are shown in Fig. 7. Their purely electrical 
Vol. 83. 


Fig. 7. —Characteristic units in the structure of 
organic glasses. 

CONCLUSIONS 

This very brief survey of existing plastics is sufficient 
to show that although the unit of the structure provides 
the key to the fundamental properties of the material, 
our ability to interpret behaviour and to satisfy given 
requirements is but rudimentary. It is of course to be 
remembered that the number of structural units in the 
molecule is also of the greatest importance, and that the 
mechanical properties of a material may be controlled 
within -wide limits by this factor alone. 

The polystyrenes are, for example, clear liquids when 
the number of units is small, changing to white powders, 
glassy solids, and white fibres as the number of units is 
increased up to, say, 10 000. The degree of uniformity of 
the molecules must also have a considerable effect, for 
a mixture of molecules of various sizes and shapes is 
less likely to assemble in regular crystalline formation 
than a collection of similar molecules. Thus the pure 

31 
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chlorinated diphenyls are crystalline solids of high 
melting-point, but mixtures of isomers such as are shown 
in Fig. 1 form eutectic mixtures of low melting-point. 
Plastic properties may also be controlled by the presence 
of molecules of several kinds, varying more or less in 
shape and in the distribution of their chemically active 
points. Various plastics may be mixed, or even prepared 
together, in order to obtain certain combinations of 
properties. Many materials which are too hard for some 
applications may be made softer or more flexible by the 
addition of another material, which is said to act as a 
plasticizer; but from our present point of view such 
considerations are matters of technical detail. 

The ideal plastic for purposes of electrical insulation 
should have the electrical properties of the hydrocar¬ 
bons. For the purposes of moulding it should be obtain¬ 
able in a thermoplastic state, but in the finished state it 
should also have the mechanical properties and vitreous 
character corresponding to the three-dimensional cross- 
linked structure. 

No existing material satisfies all these requirements. 
It has been found possible to introduce a certain amount 
of cross-linking between the chain molecules of poly¬ 
styrene by the addition of a small proportion of p-divinyl 
benzene before polymerization. The material is then 
insoluble in benzene, but swells more or less according 
to the amount of cross-linking introduced. Thus the 
cross-linked structure is possible in hydrocarbons but 
the mechanical strength so far achieved is not equal to 
that of the polar materials. The following important 
questions arise: Are polar groups necessary in order 
to establish the type of cross r linking associated with 
great mechanical strength ? If not, is it possible to find 
a mixture of hydrocarbon and non-pol ar hardening agent, 
which is thermoplastic at low temperatures, but which 
becomes hard and vitreous on the application of heat 
and pressure? If, on the other hand, polar forces are 
essential for mechanical strength, we have to find out 
how to control the freedom of movement of the polar 
groups, so as to avoid excessive energy-dissipation in the 
material. Our experiments suggest that this may be 
done by the addition of other large groups to the struc¬ 
ture, but such questions can only be answered by further 
research. 

Mechanical properties may also be controlled to some 
extent by purely physical processes, which probably 
have no effect on the structure of the molecule, but which 
control the orientation and the packing of the molecules 
and therefore the forces between them. Thus the 
stretching of a material tends to straighten out molecules 
of the chain type, and therefore to modify the mechanical 
properties of the material in certain directions. A pro¬ 
cess based on this principle has recently been patented 
for the production of flexible foils and threads from 
polystyrene, which is normally brittle. The process is 
one of extrusion through an orifice, and the flexibility 
is controlled by adjustment of the tension of withdrawal 
and pressure of extrusion. Such threads may have 
important applications in the manufacture of cables for 
use at very high frequencies. 

It is very interesting to note that so many of the 
materials which have been discussed may be regarded 
as improvements on, or cheaper substitutes for, those 


natural products which were the mainstay of the elec¬ 
trical engineer in his earliest days. Thus the paraffin 
waxes possessed almost ideal electrical properties, but 
their thermal and mechanical properties were very poor. 
In polystyrene we have managed to retain the electrical 
properties of paraffin wax, associated with greatly 
improved mechanical properties. The material is still 
liable to soften readily on heating and to dissolve in oils, 
but by introducing other linkages into the structure it 
seems possible that these defects may be overcome. 
Already in styroflex we have an improvement in flexi¬ 
bility. Further developments in this direction hold out 
great promise. 

Again, paper has excellent electrical properties when 
dry, but its affinity for water imposes great limitations 
on its effective use. A paper which would require no 
impregnation or drying would revolutionize many pro¬ 
cesses. Cellulose acetate is in some ways an attempt in 
this direction, imperfect, it is true, but not without 
promise. 

Shellac has obviously many descendants, and we have 
many substitutes for amber, though none as yet com¬ 
pletely successful from the electrical point of view. 

Mica, however, still stands alone. It possesses most 
excellent electrical and thermal properties but its 
mechanical properties severely limit its application, and 
it has no plastic properties. Fused quartz has the 
electrical properties of mica, and some rudimentary 
plastic properties, but it lacks the flexibility and tough¬ 
ness of mica. From fused quartz we may pass, by way of 
a graduated series of inorganic glasses, all rather brittle, 
to the very tough “ organic glasses,” but here we have 
lost the electrical properties. They appear again in 
polystyrene, but there the thermal properties are 
missing and the mechanical properties are impaired. 
There are vast unexplored regions between mica, fused 
quartz, polystyrene, and our toughest plastics, but it 
is something to know that the insulating material we are 
looking for lies within and not without these known 
limits, and that it is a plastic. 

ACKNOWLEDGMENTS 

This paper is largely based on an investigation carried 
out at the National Physical Laboratory and the Chemi¬ 
cal Research Laboratory for the British Electrical and 
Allied Industries Research Association. Thanks are 
due to the Association and its Director," Mr. E. B. Wed- 
more; to Dr. W. L. Bragg, Director, National Physical 
Laboratory; and to Six Gilbert Morgan, Director, Chemi¬ 
cal Research Laboratory; for permission to publish the 
paper. 

APPENDIX 

Water Absorption of Phenolic Resins 

The dielectric constant of a mixture of two substances, 
e.g. an insulating material and water (or air), depends on 
the manner in which they are distributed throughout the 
material. Let /Cj and k 2 respectively represent the dielec¬ 
tric constants of the material and water (or air), and 
VJV and V z fV respectively represent the proportions 
by volume of the material and of the water (or air). 
Assuming a random distribution of aggregates of the 
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material in the mixture, the dielectric constant of the 
mixture is:— 

K - K (W> K WF) 

% — K x k 2 

The values of K m for the dried and the “ wet ” condition 
are given in Table 3, and the proportion of water present 
(^7) can be calculated on the assumption that, for the 
dried material, k 2 may be represented by the dielectric 
constant of empty space or air (= 1 ), and that when the 
material absorbs water k % has a value of 80. The values 
of V 2 jV for the resins are given in Table 3. 

Direct measurements of the water absorption of pheno¬ 
lic resins in the form of films were obtained by gravi¬ 
metric methods. Resin films of various thicknesses up 
to 27-0 mils were weighed after drying at 150° C. for 
several hours, and then after standing for various periods 


The authors’ own observations are summarized in 
Fig. 4. The curves were obtained by plotting percentage 
increase in weight against time of standing in an enclo¬ 
sure kept at a relative humidity of 75 %. Samples were 
exposed to this treatment in the form either of films on 
copper foil (when the total thickness of resin on both 
sides of the foil was measured) or of detached films of 
resin. Resins made with pyridine, ammonia, or tri- 
ethylamine catalysts were tested, and various thick¬ 
nesses of film were examined. 

Two main deductions can be made from these curves:— 

(1) For resins made with the same catalyst, the rate 
of water absorption is approximately inversely propor¬ 
tional to thickness of film. 

(2) Absorption does not appear to reach a maximum, 
at any rate after 220 days, but to increase slowly in a 
linear manner with time, following a rapid initial absorp- 


Table 3 

Effect of Moisture Content on Dielectric Properties of Phenolic-Resin Films : 
Frequency 1 000 cycles per sec., Temperature 20° C. 


Resin 

Thickness 

(cm.) 

Before drying 

After drying 

J7, 

(per cent) 

Dielectric 

constant 

Power factor 

Dielectric 

constant 

Power factor 

Phenol-formaldehyde 

0-006 

4-8 7 

0-0113 

4-l 2 

0-0071 

3-8 


0-0051 

4-5 

0-0130 

3*85 

0-0095 

3-6 

m-cresol-formaldehyde 

0-0075 

4-8 x 

0-0086 

4-1 

0-0049 

3-3 


at room temperature in an atmosphere of constant 
humidity until constant weight was obtained. The 
results showed that about 3 cm? to 4 cm? of water 
were absorbed per 100 cm? of resin, i.e. F 2 /F was 
3 % to 4 % approximately. This comparatively high 
value for water absorption is surprising in view of pre¬ 
viously-published work, of which that of Leopold and 
Johnston* is typical. 

The apparent discrepancy is to be attributed to the 
fact that most published determinations refer to the 
water absorption of comparatively massive pieces of 
resin, so that minor surface effects become negligible 
when expressed in terms of total volume. Recent work,f 
published since these measurements were made, confirms 
the high water-absorption of films. 

* Journal of Physical Chemistry, 1928, vol. 32, p. 876. 

t G. M. Kline:’ Bureau of Standards Journal of Research, 1937, vol. 18, p. 235; 
also R. L. Taylor, D. B. Hermann, and A. R. Kemp: Industrial and Engineering 
Chemistry , 1936, vol. 28, p. 1255, 


tion which is approximately of the form t — aA n , where 
t = time, A — percentage absorption, and a and n are 
constants, such that n is nearly constant for the whole 
series. 

It is difficult to assess the effect of catalysts, since it 
is not certain that other factors, involving the manner 
and extent of adhesion of films to the copper foil, may 
not be masking their influence. 

It will be seen that there is good agreement between 
the values of water absorption measured directly and 
those calculated from the electrical measurements on 
the assumption of a random arrangement of aggregates 
of resin in the films. It therefore seems probable that 
the aggregates are distributed in this manner, and that 
the water permeates the material and occupies the 
spaces between adjacent aggregates. The high water- 
absorption of the resins suggests that the spaces between 
aggregates must be comparatively large. 


[The discussion on this paper will be found on page 488.] 
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DISCUSSION AT A JOINT MEETING OF THE INSTITUTION AND THE PLASTICS 
GROUP OF THE SOCIETY OF CHEMICAL INDUSTRY 24TH MARCH, 1938 


Mr. H. Langwell : If the physicist and the engineer 
will state what they consider to be desirable qualities in 
plastics, the chemist will tell them what qualities it is 
possible to provide; somewhere between these two limits 
lie the improvements and the broad lines of research 
which the chemist is trying to find at present. 

Plastics chemists have been surprised at the ‘great 
interest which the electrical industry in general has taken 
m some of their new products. It is interesting to recall 
that one of our pioneers, Dr. Baekeland, started his re¬ 
searches into phenolic plastics because he wanted to 
improve on natural shellac, which electrical engineers 
have used for a long time and which has very obvious 
defects in addition to its advantages. 

, Until quite recently, the chemist has usually worked 
m the field of crystallizable products. Unfortunately, 
Nature does not abound in crystalline materials, but 
tends to produce large colloidal molecules. An interest¬ 
ing fact is that Nature tends to produce straight-chain 
polymers with inherent fibrous structure: e.g. a single 
fibre of a soft material like cellulose is about as strong as 
steel. Rubber is another natural product of the straight- 
chain polymer type: its great flexibility is its outstanding 
property. Cellulose has the disability of absorbing water 
and becoming practically useless as a dielectric, while 
rubber has a tendency to perish. Even vulcanite may 

suffer a surface deterioration which renders it useless 
in time. 

A type of polymer which Nature does not produce in 
abundance, but in which the electrical engineer has a 
keen interest, is the saturated hydrocarbon polymer. 
The advantage of the hydrocarbons is that they are very 
inactive chemically; they are non-polar—which is saying 
the same thing in another way—and they have extra¬ 
ordinarily low power-losses. Nowadays, when the 
voltages and frequencies employed in industry are increas¬ 
ing, the question of power factor is of great importance. 
Concurrently the chemist is beginning to understand how 
to make hydrocarbon polymers: he has to start out 
with something which is not inert, otherwise it will 
not polymerize, and so he starts with a reactive un- 
saturated hydrocarbon and polymerizes it until he ends 
with what is in effect a saturated hydrocarbon e g 
polystyrene. ’ 

Speaking generally, the inorganic, mineral insulators 
have poor moulding properties in comparison with the 
organic plastics. 

. '7 11 . interesting feature of these hydrocarbon polymers 
is their extraordinary resistance to water, in which respect 
they are similar to paraffin wax and sulphur. To all 
intends and purposes they are not affected by water, and 
their electrical properties remain practically unchanged 

• H r e th f authors considered the possibility of accelerat¬ 
ing the polymerization of monomeric styrene so that the 
product could be used for impregnation ? It is an ideal 
material, but as soon as its molecular weight is raised in 
order to confer mechanical strength it is very difficult to 
impregnate porous materials with it. 

Mr, A. R. Dunton : The authors, when dealing with 


moisture penetration, confirm the fact that water per¬ 
meates the mass of the resin, which must be regarded as 
a more or less open structure containing spaces through 
which water may pass. Actual experience of dealing 
with condenser bushings made up of a laminated structure 
and protected by a resin surface offers a confirmation of 
this. It may be of interest to note that this surface net¬ 
work can be effectively closed by filling the spaces with 
an inert filler so as to prevent effectually the passage of 
moisture. 

Under the heading “ Resin Composites/’ on page 481, 
it is stated that the power factor of dried paper is 0 • 0025, 
but when making a study of this nature it should be borne 
in mind that the power factor of papers with the same 
degree of dryness is influenced by the type of fibre em¬ 
ployed in manufacture. For instance, a paper made 
from a kraft paper base may have a power factor of 
0-0056, which may be possibly increased to a figure of 
0-0063 when a mixture of cotton and chemical wood 
pulp is employed. 

It is recognized that laminated-paper products in which 
paper predominates possess lower power-factor figures 
than si m ilar products with a higher resin-content. This 
is borne out by the fact that synthetic-resin varnish- 
paper boards of the tropical variety, recognized by 
B.S.S. No. 547—-1934, when tested at 90° C. have power- 
factor figures sometimes many times in excess of 0-150, 
whereas the general-purpose variety of board, manu¬ 
factured in accordance with B.S.S. No. 316—1929, will 
generally possess a power factor of about one-third this 
figure. 

Although in these two cases the electrical breakdown 
values may bear some relationship to the power-factor 
figures, there is apparently no direct connection between 
power-factor observations and electrical minute values, 
unless only one type of product from a given concern is 
dealt with at a time. This apparently suggests that 
every different maker has a combination of power-factor 
figures and breakdown values which are only true for that 
particular product. 

Towards the end of the paper some interesting refer¬ 
ences are made to. various plastic materials; from an 
electrical point of view the polystyrene products seem to 
features, with low-power-factor figures of 
. * °°?*: Unfortunately there appears to be some difficulty 
m ntihzmg these materials when made into definite 
mouldings, owing to the possible formation of fissures or 
cracks. It is understood, however, that some of these 
imperfections are overcome by the production of this 

S?nnn° ma ^ eria ;! Wlth a rnolecular weight exceeding 
30 000 so as to eliminate brittleness. 

. the materials mentioned in Table 2 is a non- 

mflammable plastic referred to as chlorinated diphenvl, 
winch it may be assumed is the same material as the 
„ Py l ano1 made 111 America. It would be of interest 
f , ® auth °m could give some information regarding 

bas^ m ° uldmgS whlch are bein g made from this 

ahnnqfi^ 31 7 a f 7 m ® ntioned on page 486 as possessing 
almost ideal electrical properties; but it should be borne 
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in mind that since moisture can readily penetrate into 
and through, paraffin wax this material is not ideal for 
impregnation purposes. 

Mr. H. V. Potter : The authors’ model of the structure 
of bakelite resin is a convenient way of explaining how 
certain phenomena take place, but I do not believe it 
gives a correct picture of the physical structure of this 
material. 

On page 476 the authors refer to the difference between 
the behaviour of a crystalline structure and that of a 
plastic when heat is applied, and they conclude that the 
plastic condition occurs when the molecules of the 
material are not all exactly similar. The following 
example confirms that theory. In my early days of 
experimentation on these materials, I succeeded in dis¬ 
solving out and reasonably purifying a product of the 
phenol-formaldehyde reaction. It was a white granular 
material: I did not crystallize it—but it was certainly 
not plastic. I succeeded in converting it back into a 
plastic resinous body by merely melting it again with 
about 6 % of phenol. 

With regard to Section (5) of the paper, since all alcohol 
contains water, was it wise to use an alcoholic solution of 
the resin in order to obtain a film which was afterwards 
used for tests on absorption of moisture ? The presence 
of moisture from the solvent may account for the varia¬ 
tions which the authors found among samples prepared 
on different occasions. 

They regard the polar OH group as being responsible 
for some of the electrical features of the phenol-formalde¬ 
hyde materials and for their water-absorption properties. 
I would point out to them that the urea-formaldehyde 
materials, which have a much higher water-absorption, 
do not contain polar OH groups. Mr. Dunton referred to 
paraffin wax, pointing out that it has a porous surface 
into which water may penetrate; paraffin wax again has 
no polar OH group, as far as I understand it. 

I do not follow the authors’ arguments on page 480 
with regard to water absorption, which they say must be 
an absorption below the surface and not a surface film, 
because the dielectric constant does not vary with thick¬ 
ness. It seems to me that the reverse must be the case. 
Further, the figures which they give of 3 % to 4 % absorp¬ 
tion of water do not represent the absorptions which are 
obtained on commercial materials such as mouldings or 
laminated products, produced under conditions of high 
temperature and pressure. The authors question some 
figures which they say are the ones usually quoted for 
phenolic resins, and I should like to ask them to what 
figures they are here referring. 

With regard to Fig. 6, what is the significance of the 
undulations in the curve representing the dielectric 
constants ? 

Mr. G. H. Gardner : Hitherto if one wished to change 
the properties of a resin one experimented with the process 
of manufacture, and possibly after a series of trials 
achieved the desired effect. Certain resins, such as the 
phenolic heat-hardening ones, have been found suitable 
for electrical insulation. I understand that a knowledge 
of the molecular structure now enables chemists to pre¬ 
determine certain physical properties of the resin, and I 
should like to ask the authors whether they consider it is 
likely to become possible to forecast, for instance, the 


effect upon the electrical properties of a cresol-forma e- 
hyde resin of a change in the cresol “ fraction ” used. 

I am keenly interested in any improvements which ai e 
likely to be achieved in resins, particularly as regards the 
dielectric properties. I regard a low power-factor com¬ 
bined with a reasonably low dielectric-constant as of much 
more importance than a high breakdown strength, since 
the former govern the most important property of an 
insulator, namely its permanence in service. Do the 
authors suggest that lower power-factors than those 
available at present are unlikely to be obtained, from heat¬ 
hardening resins, and that one must look to the thermo¬ 
plastics for progress in this direction? Heat-hardening 
resins are peculiarly suitable for the manufacture of bush¬ 
ing insulators and the like, and, for a thermoplastic resin 
to find successful application in this branch of the plastics 
industry, its initial softening-point must be so high that 
changes in physical and electrical properties associated 
with plasticity do not occur below 100° C. 

Finally, I should like to put forward, for the considera¬ 
tion of the chemists and their future research, what I 
consider to be the properties of an ideal resin for the 
manufacture of high-voltage laminated-paper bushing 
insulators. Briefly, they are as follows: (1) The resin 
must be capable of being coated upon a paper web with 
ease, preferably by solution in a cheap solvent which can 
afterwards be completely removed without difficulty. 
(2) When the resin-coated paper is softened by heat and 
two paper surfaces are rolled into contact, firm adhesion 
should result. I attach great importance to the adhesive 
properties of the resin. (3) The resin should preferably, 
but not necessarily, be heat-hardening. If we must go 
to the thermoplastics for low power-factors, no softening 
of the resin composite should take place below 100° C., 
and no volatiles should be emitted during the processing. 

(4) The electric strength should be high, say 90 kV per 
mm., and the power factor low, say 0*005 at 20° C. 
There should be as little increase as possible in. power 
factor with increase in temperature up to at least 90° C. 

(5) The resin should be impervious to water. (6) Its 
mechanical strength is not necessarily important, since 
this property is provided by the paper base. (7) The 
resin must be permanent in all its properties. There 
must be no alteration in electrical or physical properties 
with time or continued subjection to electrical stresses. 

Mr. R. I. Martin: I should like to raise an objection 
to the term “ plastics.” The authors state: " The most 
characteristic property of plastics is that by suitable 
treatment they may be made to pass through a plastic 
condition.” It should, however, be borne in. mind that, 
in their final condition, the materials with which we are 
concerned are not usually plastic. There is a danger 
that engineers may look with a certain contempt on 
materials which are called plastics, because they are 
generally looking for materials which have good elas¬ 
ticity. I think that this situation has arisen from the 
fact that chemists tend to look upon these materials from 
the point of view of a raw material from which something 
else is made, whereas the engineer is primarily concerned 
with the properties of the finished product. I prefer the 
terms “ moulded composite ” or " moulded material " 
to the term “ plastic,” as these refer to the principal 
manufacturing process, in the same way that engineers 
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tation within it is of the same order as the room-tempera¬ 
ture viscosity coefficient of castor oil. This is difficult to 
understand physically, but is a very important considera¬ 
tion since it is the internal viscosity, linked with the 
dimensions of the orienting polar groups, which deter¬ 
mines the region, in temperature and frequency, within 
which particular groups become responsible for appre¬ 
ciable dielectric-loss. Thus, referring to Fig. 3, it is very 
important that we should know more about the nature of 
the motion which the OH groups undergo under the 
applied electric field and of the viscous forces which they 
encounter in the process of orienting, since these are 
fundamental factors affecting the electrical charac¬ 
teristics of the material concerned. While the study of 
the phenol-formaldehyde resins is of great practical 
interest and importance, their complexity of constitution 
makes them a somewhat unsuitable channel for the 
clarification of these fundamental issues, and it is to be 
hoped that the authors will carry out supplementary 
measurements on materials of simpler and more definable 
chemical composition. 

The statement that the power factor of the experi¬ 
mental bakelite resins was unaffected by the addition of • 
a small percentage of hexamine “impurity,” and on 
variation of the phenol and formaldehyde proportions in 
the starting mixture, should, I feel, have been supported 
by measurements extending over a wider range of fre¬ 
quency than that employed. The need for more extended 
measurements is also apparent in the statement on 
page 482 concerning the effect of introducing methyl 
groups into the bakelite molecule, since while it is cer¬ 
tainly not possible on the experimental evidence given to 
decide whether the observed reduction in power factor is 
due to a reduction in the dipole moment of the OH groups 
or to a change in their relaxation time imposed by the 
change in environment, this decision could probably be 
made were it to prove possible to determine in both cases 
the position and height of the power-factor maximum 
associated with the orientation of these OH groups. This 
is the sort of point which it is very important to have 
clarified. 

On page 482 the authors refer to the absence of data on 
the new material polyethylene. A limited series of 
measurements which I have been able to carry out re¬ 
cently on a sample of this material has shown that its 
power factor, both at low and at high* frequencies, is com¬ 
parable with, though somewhat higher than, that of poly¬ 
styrene. It differs appreciably from polystyrene, how¬ 
ever, in its physical and mechanical properties, and this 
raises a very important issue, namely that whereas from 
the known constitution of the monomer and our present 
knowledge of the factors governing electrical behaviour it 
is possible to infer correctly that the polymer of such 
materials, when produced, will have excellent electrical 
properties, we are not in a position as yet to forecast the 
probable physical and mechanical properties. Since it is 
these latter properties which usually determine the appli¬ 
cability of materials to purposes for which they are ideally 
suited electrically, it would seem desirable to direct dielec¬ 
tric research towards the study of these properties much 
more definitely than is at present the case. An under¬ 
standing of the mechanisms underlying the mechanical 
strength, hardness, elasticity, plasticity, resistance to 


moisture absorption and penetration, etc., of dielectric 
materials is just as important as of those governing their 
purely electrical properties; yet whereas the techniques 
of electrical measurement are now well developed and are 
being widely applied to the study of materials, equally 
scientific techniques for investigating the above physical 
and mechanical properties are either not yet available or, 
where available, do not appear to receive the systematic 
application which their significance and importance 
warrant. 

Mr. W. J. Brown: In the section dealing with resin 
composites (page 481) the authors say that since cresol- 
formaldehyde resins have a power factor of approxi¬ 
mately 0-005, and since paper has a power factor con¬ 
siderably smaller than this, one might expect to make 
laminated sheets to have a power factor of about 0 • 005. 
Actually, power factors of 3 or 4 times this amount are 
measured in practice, a fact which the authors attribute 
to the presence of water. I believe, however, that the 
high power-factors of laminated synthetic-resin-paper 
sheets are due to the presence of phenolic compounds. 
Cylinders and condenser-bushing insulators made from 
exactly the same materials do in fact have power factors 
of 0 • 005 and less. Let us consider the methods of manu¬ 
facture employed. Both the sheets and the cylindrical 
insulators are made from resin-coated paper, but for the 
former the paper is cut into separate sheets, which are 
stacked one above the other, put into a press, and con¬ 
solidated under heat and pressure; whereas in the case of 
the cylinders and condenser-bushing insulators a con¬ 
tinuous paper web is carried over heated rollers, and the 
paper is not rolled into contact with its mating face until 
the process of polymerization has been almost completed. 
If one heats a synthetic resin of the cresol-formaldehyde 
type until it is completely polymerized there is a loss of 
weight of about 20 %: about 4 % is due to water, and the 
rest, I presume, is due to phenolic compounds. If the 
emitted vapour is caught and condensed, light feathery 
crystals result which liquefy on heating. In the manu¬ 
facture of sheets, these phenolic vapours cannot escape 
and they therefore become an integral part of the pro¬ 
duct; in the case of the cylindrical insulator, however, 
they escape whilst the paper is going over the heated 
rollers, and the final product has not these emitted 
vapours. I believe that the difference between the power 
factor of a condenser bushing insulator and that of a 
corresponding sheet made of the same material is due to 
the presence of these vapours. Chemists will confer a 
great benefit on insulation engineers If they will synthe¬ 
size a resin which emits no vapours during the process 
of polymerization. 

Table 2, which gives the properties of specific insulation 
materials, quotes the power factors at different fre¬ 
quencies, ranging from 100 to 10 6 cycles per sec. Now, 
resin-composite materials do in fact have different power- 
factors at different frequencies, and there are many 
insulating materials which have high power-factors at 
50 cycles per sec. and very low ones at 1 000 000 cycles 
per sec. It seems essential that the tests should be made 
at the frequency at which the insulating material is going 
to be used, and in the vast majority of cases this means 
dielectric-loss measurements at 50 cycles per sec. 

Dr. A. E. W. Austen: I wish to make a few observa- 
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tions with regard to Table 2, and the electric strengths 
given therein. No mention appears to be made of the 
method of test used in obtaining these values. The 
apparent electric strength varies over quite wide limits 
with thickness, the nature of the electrodes, the time of 
application of voltage, and, above all, the nature of the 
ambient medium: cellulose acetate, for instance, can be 
subjected to a stress 8 times higher than the value given 
in the Table. Electric-strength figures are therefore of 
little value without careful definition of the conditions 
under which the measurement was made. 

The magnitudes of these electric strengths would seem 
to suggest that a commercial test was used in which dis¬ 
charges in the surrounding medium (air, perhaps) were not 
suppressed. When high-grade dielectrics are tested under 
these conditions, the ambient medium generally breaks 
down before the dielectric, and the breakdown of the test 
dielectric generally then ensues as the result of chemical 
or physical effects of the ‘discharge, and also possibly 
owing to the application of the subsidiary point electrode 
to which the impinging end of the discharge approxi¬ 
mates, with corresponding concentration of stress. The 
electric strength so measured therefore depends on. a 
number of properties—such as dielectric constants, 
resistivities, surface resistivity, and resistance to chemical 
action—as well as on the true electric strength of the 
material. Provided the ambient medium (if any) can be 
so chosen that it is without chemical or physical action on 
the dielectric, and does not break down, the value ob¬ 
tained is the intrinsic electric strength of the material. 
In the case of certain dielectrics, polar crystals, for 
example, it is probable that this intrinsic strength can be 
calculated from the other physical properties of the 
material. 

While apparent electric-strengths are useful in com¬ 
paring similar dielectrics, and also afford a basis of engin¬ 
eering design in some cases, it is felt that where, as in this 
case, an attempt is being made to correlate the electrical 
properties of a body with its chemical structure and com¬ 
position, the intrinsic electric-strength would be a more 
relevant quantity. 

Dr. J. O. Cutter: I shall confine my remarks to one 
point, namely the fossil resins. 

Amber is the oldest of all the fossil resins, and probably 
the one in which the acid value is lowest. Ageing of a 
fossil resin decreases the acid value, i.e. polar acidic 
groups disappear, and are lowest in the oldest of the fossil 
resins. This suggests- that experiments should be made 
upon the artificial ageing of a phenolic resin or other 
condensation-type resin, in order to decrease the occluded 
water and to cause the disappearance of polar groups, 
with which the authors associate poor electrical properties. 

Mr. J. H. Bennitt: It would be interesting to know 
whether if we took a film of polystyrene resin (which is 
usually conceded to have negligible water absorption) 
and deposited it mom solution in a manner analogous to 
that used for making the resin films referred to on 
page 478, it would indeed in similar tests give water- 
absorption and change in dielectric properties of a 
negligibly small amount. 

The authors found that whatever proportion of for¬ 
maldehyde they used in making resins, the products all 
had the same electrical properties. They say that this 


suggests that " the structure of the hardened resin was 
the same in all cases.-” As just previously they had 
found that they could add hexamine or phenol to the 
resin with little effect, I do not quite see why they could 
not imagine their resins to contain different proportions 
of combined formaldehyde, again without this having 
much effect on the electrical properties. I do not quarrel 
with their formula for the structure of the resin, but am 
uncertain that these results support it. 

I suspect that the vapour which Mr. Brown mentioned 
as being trapped when laminated boards are pressed up, 
is water vapour itself. This is formed during the heat¬ 
hardening condensation and trapped in the board. The 
production of a heat-hardening phenolic-type resin with 
admirable electrical properties, but producing no water 
whatever during the hardening process, would be a great 
step forward. A good deal has been done along these 
lines, and such boards are available commercially down 
to a power factor of 0*015 at 800 cycles per sec. 

Mr. W. E. Pattman: The point which I wish to make 
arises out of Mr. Dunion's observation that greatly 
improved power-factor values were obtained when a filler 
was used in the synthetic-resin varnish employed as the 
surface coating of a bushing. This seems to indicate that 
the spaces to which the authors refer are not so small as 
has been suggested. Do not the authors consider that 
the effects described in the paper would be altered to a 
great extent if the films were produced under pressure ? 

I quite realize the difficulty of carrying out the sugges¬ 
tion which has been made of working with considerable 
masses of material, because, as the authors show, the time 
required to obtain equilibrium is very long even in the 
case of thin films. If the thickness were increased to a 
considerable extent the time required for making the 
tests would become impossibly long. 

Have the authors considered extending their work so as 
to make it applicable to the conditions which occur in 
practice ? In the great majority of cases, these resins 
are used in the form of plastics which are moulded rather 
than used as films, and it is not easy to produce perfect 
films from such resinous materials. 

Mr. E. B. Moullin : The first point I wish to raise is in 
relation to moisture content, mentioned on pages 480 
and 481. The power factor due to a given amount of 
moisture depends enormously on the shape of the micro¬ 
scopic droplets of water.* Water is vastly less harmful 
if it is in the form of spherical droplets than if it is in the 
form of long threads (I am not referring here to cavities 
large enough to be perceived by a moderate-power micro¬ 
scope). If silica-gel, referred to on page 481, possesses 
the property of drawing the water into it and holding it 
in minute spherical droplets, then the water will do less 
harm than when it is dispersed elsewhere in threads. 
Even if silica-gel does not have this property, there may 
exist some other substance which has, and I think the use 
of such a substance, if it could be found, would be very 
beneficial: this may suggest a useful line of attack. 

To my mind, one of the outstanding problems at the 
moment is to explain why in Fig. 5 the power factor 
changes so little with the temperature: the range is only 
about 2 to 1, whereas other experiments would lead one 
to expect a change of perhaps 100 to 1. But of this later. 

* See R. W. Sillars: Journal I.E.E. 1937, vol. 80, p. 378. 
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Though the authors wisely state that the figures in 
Table 2 must not be taken too literally, yet I think the 
figures for chlorinated diphenyl (Permitol) are misleading 
and merit a special note in the paper. The dielectric 
behaviour of this material is quite different from that of 
any other on the list: for its power factor changes some 
fiftyfold in a temperature range of about 30 deg. C. 
This is well illustrated by Fig. B, showing results obtained 
by Prof. W. Jackson in the days when he was working 
with me in Oxford. The power-factor/temperature curve 
is shaped like a resonance curve, and the position of the 
maximum depends on the frequency. This curve in¬ 
dicates how misleading it is to quote one figure for 
Permitol in Table 2. (In saying this I am not concerned 
because the reader is given a wrong value, but because he 
has not had his attention drawn to a behaviour which is 
very unlike any mentioned in the paper.) Fig. 5 is in 
striking contrast, for there the power-factor range is only 
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Fig. B 

Frequency values (cycles per sec.): A, 50; B, 10 3 ; C, 6 x 10 3 ; D, 10'; 

E,2-95x10'; F, 9-5x10'; G,2-76xl0«; H, l-09xl0 3 . 

about 2 to 1 in 100 deg. C. It is not difficult to under¬ 
stand the behaviour of Permitol, and the curves in Fig. B 
can be predicted from viscosity measurements alone, 
without any electrical measurements. The behaviour of 
Permitol is not unique; it is typical of many dielectrics 
we have made in Oxford, including polystyrene loaded 
with polar impurities. 

In my view Permitol typifies the behaviour of a normal 
dielectric, and I regard the behaviour of phenolic resins, 
ebonites, etc., as abnormal and anomalous. That the 
majority of commercial dielectrics are anomalous does 
not, in my opinion, make this attitude absurd. I suggest 
that one of the most important problems to-day is to find 
the reason why phenolic resins do not behave like 
Permitol. For its behaviour is much more satisfactory 
to the technician, since a few degrees’ change of tempera¬ 
ture can always result in good dielectric properties of a 
material inherently capable of very bad properties! It 
is easy to understand why the power-factor/temperature 
curve should have a sharp peak, and I know of no clue 
to the reason why this does not occur with ebonites and 
bakelites. Surely Fig. B, relating to Permitol, is full of 
hope and promise for better materials. It shows that 
molecules are capable of behaving in a way which is 
favourable to the electrician, and moreover in the way 


which our understanding of them would suggest. Let us 
find out what inhibits this behaviour in phenolic resins, 
and then we may be able to remove the inhibition and 
obtain much better materials. 

I would now suggest to the plastics chemists who are 
with us that they would help us very much by attacking 
seriously the relation between mechanical properties and 
the content of polar groups. I feel that the limitations 
of mechanical properties are in fact greater than the 
limitations of electrical properties. So far as I know, all 
insulators have deplorable mechanical properties com¬ 
pared with common metals. I suggest that we electricians 
regard it as inevitable that an insulator must be abomin¬ 
able stuff mechanically, and fatalistically take the world 
as we have found it, without very much prospecting. It 
seems possible that the physical chemists could produce 
organic compounds which are much better mechanically 
than those we know at present. Polar groups have con¬ 
siderable powers of increasing the Van der Waals forces 
and thereby increasing the strength and raising -the melt¬ 
ing point. I ask the plastics chemists to investigate 
this and to disregard the fact that polar groups can 
produce a bad power-factor: it should be noted that 
I say can, and not must. When we have learned how 
to use polar groups to rivet our structure together I 
think we shall also have learned how to make the rivets 
tight enough not to rattle about at ordinary tempera¬ 
tures, or else to use them as nicely-lubricated pin joints. 

Mr. S. W. Messent ( communicated ): At the present 
time the engineer concerned with insulation for use at 
power frequencies is primarily interested in resins of the 
phenol and cresol-formaldehyde type. One disadvantage 
of these is the formation of water during the chemical 
reaction which takes place in their synthesis, and if the 
chemist could produce a resin of the same * general 
characteristics in which this evolution of water were 
absent I have no doubt that a considerable advance 
would be made. 

I should appreciate the authors’ explanation of the 
general decrease in power factor with rising temperature 
shown in Fig. 5. This applies particularly to the sample 
dried at 100° C. 

Referring to Table 2, an anihne-formaldehyde product 
which is commercially available is “ Panilax.” This has 
the properties shown in Table A. Many of the figures in 
Table 2 have little significance unless the conditions of 
test are specified. The electric-strength figures quoted 
in Table A for “ Panilax ” are the 1-minute breakdown 
stresses at 90° C., the test specimen being 1 • 5 mm. thick 
for the bonded-paper material and 1 mm. thick for the 
resin. The impact test results were obtained on samples 
6 mm. square; with materials of this class, comparisons 
are only possible between samples of the same cross- 
section. 

Mr. R. W. Sillars ( communicated ): The long-standing 
popularity of phenolic resins as moulding materials has 
naturally led to a great deal of work being done on their 
electrical properties, but perhaps it may be emphasized 
again that from a purely electrical point of view they are 
among the least attractive of materials. The water 
produced during the reactions of the curing process may 
escape to an appreciable extent from the thin films used 
in the authors’ experiments, but cannot be properly 
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“ Panilax” bonded paper 

Moulded “ Panilax” resin 

Dielectric constant .. 

* • * «• • • • • 

Power factor . . 

• • » • •• •• 

l 

-o Volume (ohm-cm.) 

Resistivity < 0 , ' . 1 •* • • . 

J l Surface (ohm) 

Electric strength (kV per mm.) 

Maximum temperature, °C. 

Mechanical strength { Cross-breaking (kg. per cm?) 

t Impact (kg. cm.). 

3-5 

0-015-0-03, n = 2 
0-004-0-006, n = 6 
10 12 

10 12 

30 

100 

1 700 

7 

3-5 

0-003-0-01, n = 2 
0-004, n — 6 

>10 15 
>10 14 

27 

80 

1 100 

4 


expelled from bakelite as normally used and will probably 
remain, partly as separate loosely-bound molecules, 
partly collected in small pockets in the microscopic 
crevices in the material. 

Isolated water molecules will probably do little harm, 
although they may give rise to a certain dipole loss;* 
groups of molecules will involve conduction loss and a 
lowering of breakdown strength. In the case of paper 
and fabric boards and cylinders the cellulose must take 
up an appreciable quantity of the water, with the usual 
deleterious effects on its electrical behaviour. 

The effects of water are generally more serious than 
those of polar groups, in that water immediately lowers 
the electrical breakdown strength, whereas dipole effects 
do not appear to do so, unless in the unusual event of 
the dielectric loss becoming so great as to cause thermal 
breakdown. 

In considering future possibilities of dielectric materials, 
therefore, it seems desirable that stress be laid first of all 
on the elimination of condensation reactions rather than 
on the elimination of dipole effects. The production of a 
material having the desirable characteristics of bakelite 
by means of a reaction from which water is not obtained 
would be a great advance. The essence of these desirable 
characteristics is believed to be the “ three-dimensional ” 
structure of the phenol and urea resins. Whether this 
type of structure can be conveniently attained by other 
means than condensation is for the chemist to decide. 
Such reactions as the vulcanization of rubber, and the 
cross-linking of styrene by ji-divinyl benzene, suggest 
that the realization of such an aim is not beyond hope. 

Dr. L. Hartshorn, and Messrs. N. J. L. Megson 
and E. Rushton (in reply ); We explained at the outset 
that our primary object was to stimulate a discussion on 
plastics and insulation from both the chemical and 
electrical standpoints, and we are highly gratified by the 
response which has been forthcoming from both sides. 
In the main there appear to be no fundamental diverg¬ 
ences of opinion on the factors which limit the use of 
existing materials, and the general directions in which 
progress should be sought, but naturally there are con¬ 
siderable differences of opinion on points of detail. 

We shall consider in the first place the comments 
and suggestions bearing on experimental investigation. 
Prof. Jackson advocates measurements on materials of 

vot 30 p 687 ERA aD( * ^ ACK: Transactions °f lb* Faraday Society, 1934, 


simpler chemical composition; Mr. Martin and Mr.Patt- 
man suggest the use of filled materials moulded under 
practical conditions, i.e. materials of a more complex 
character than our films; while Dr. Jordan suggests 
experiments on monomolecular films. We appreciate 
the merits of all these suggestions, and hope that they 
"will in due course all be acted upon. Their diversity, 
however, does suggest that our choice of thin films of a 
pure resin of the greatest commercial importance is a 
good compromise between the severely practical and the 
purely theoretical, which forms a convenient starting- 
point for research along both lines. It is to be remem¬ 
bered that even in a commercial moulding the resin 
exists in the form of thin films which bind together the 
particles of filler. It is true that these films are produced 
under pressure, and Mr. Pattman’s suggestion that the 
pressure might affect the physical properties should not 
be overlooked. We hope to look into this question, 
though we are inclined to think that the general measure 
of agreement between our results and the experience of 
users of commercial materials, such as Mr. Dunton, 
suggests that the effect of pressure on the resin itself is 
not a dominating factor. We certainly agree with Mr. 
Martin's point that our films, which are very thoroughly 
cured, will be in a veiy different state from those in 
many materials made under commercial conditions. 
Mr. Martin’s curves (Fig. A) are eloquent on this point, 
and Mr. Brown’s comparison of the conditions obtaining 
in laminated boards and cylinders also bears upon it. 
Commercial mouldings and pressings undoubtedly often 
contain water and phenolic compounds in proportions 
quite different from those which obtain in our carefully- 
prepared films, and their power factors are correspond¬ 
ingly higher, especially at higher temperatures. We 
regard our present results as indicating the best to be 
expected from resins of their .type. The variations of 
properties obtained by various processes, considered in 
relation to their cost, might well be investigated. We 
hope to extend our own work to the study of boards 
and mouldings in due course. 

Prof. Jackson points out that on the theoretical side 
our investigation is by no means complete, and we are 
in entire agreement with him on this matter. The effect 
of chemical factors such as impurities and substituents 
cannot be completely determined by measurements over 
the restricted range of frequencies discussed in this 
paper. We have indeed extended our working range so 
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that it now covers the whole range of power, audio, radio, 
and television frequencies, but the evidence still remains 
incomplete. We are not even convinced that it will be 
possible to explain the observed changes of power factor 
for hardened resins in terms of a dipole moment and a 
single relaxation-time, but the important fact remains 
that the power factor under given working conditions 
can be modified by the chemical factors we have dis¬ 
cussed, and for the moment we are not prepared to say 
more than that. This lack of evidence also accounts 
for the omission, on our part, of any attempt to discuss, 
the nature of the underlying physical mechanism in 
hardened resins. We agree with Prof. Jackson as to the 
importance of a knowledge of the forces restricting the 
motion of polar groups in materials of all lands, and 
especially solids, but the fact that investigators tackling 
this question have been driven to use such vague terms as 
" apparent internal viscosity ” in order to describe their 
results, is itself a sufficient indication of the very tenta¬ 
tive character of existing theoretical work on this prob¬ 
lem. We did not feel justified in applying such con¬ 
siderations to our own experimental work, and contented 
ourselves with a mere reference to this side of the prob¬ 
lem in the more general part of the paper. We welcome 
the emphasis which Prof. Jackson lays on this question 
and appreciate the elegance with which Mr. Moullin 
makes the same point in his graphic concluding metaphor. 
We strongly support Prof. Jackson’s contention that 
more research work on mechanical properties is called for. 

Discussion on the chemical aspects of the problem has 
centred to a large extent round the question of water- 
content, and there is a considerable measure of agree¬ 
ment that the water liberated by the condensation 
reaction which occurs during hardening, constitutes a 
serious disadvantage. Messrs. Brown, Bennitt, Messent, 
and Sillars, all stress this point, which incidentally 
answers Mr. Potter’s objection to our use of alcohol as a 
solvent. The absolute alcohol used would probably 
contain less water than would be liberated by the 
reaction, and, as other speakers point out, our severe 
stoving conditions would remove this water with un usual 
completeness. The more general question is, however, 
clearly one of great practical importance. Mr. Sillars 
claims that the elimination of condensation reactions is 
more important than the elimination of dipole effects, 
and from an economic standpoint this may be true, 
though the two things are in practice so closely connected 
that discrimination is difficult. In any event, we agree 
with those speakers who urge that the production of a 
three-dimensional structure without condensation reac¬ 
tions demands the chemist’s immediate consideration. 

The question of water absorption, which is not neces¬ 
sarily the same as that of water content, is discussed by 
Mr. Potter, who doubts whether the polar OH groups 
are responsible for the water absorption of the phenolic 
resins. We agree that non-polar materials like paraffin 
wax and benzene do absorb some water, but the amount 
is very small compared with that absorbed by most polar 
materials. The polar character of the water molecule 
itself might well account for this small absorption. The 
water absorption of urea-formaldehyde is quite in 
accordance with our suggested explanation, since 
although free from OH groups it does contain polar 


CO groups. We do not follow Mr. Potter’s contention 
that a dielectric constant which varies with humidity 
but not with thickness can be explained on the assump¬ 
tion of a surface film. Our argument may be elaborated 
as follows. The thickness of the surface film t 2 would 
clearly be independent of the thickness of the resin film t v 
If k 1 and k 2 are the dielectric constants of the resin and 
water-film respectively, the value k for the combination 
will be:— 



Now since k 2 is not equal to k v the measured value of k 
can only be independent of the film thickness ^ if t 2 = 0, 
i.e. if there is no surface film. 

The values of water absorption on which we co mm ent 
are those usually obtained for thick specimens. Examples 
are those given by Leopold and Johnston, whose paper 
is quoted in our Appendix. Such values may of course 
be useful for comparative purposes in industrial testing. 

Our Table 2 of representative values has called forth 
some criticism, but on the whole less than might have 
been expected, having regard to the unrepresentative 
character of most of the data obtained for insulating 
materials. We tried, in compiling this Table, to give a 
rough guide to performance under ordinary working 
conditions, and therefore deliberately excluded details 
of test methods, for values which depend critically on 
such factors are clearly of correspondingly little value 
for our purpose, and a host of footnotes giving conditions 
of test would merely tend to obscure the little information 
such values can supply. For the same reason we ex¬ 
cluded values of the “ intrinsic electric strength ” to 
which Dr. Austen refers. At the present time there 
appears to be no evidence that such values have any 
bearing on the behaviour of the materia] in ordinary prac¬ 
tice. We agree that the matter is of great theoretical 
interest, and that one of the objects of future research 
should be the correlation of values of “ intrinsic electric 
strength ” and structure, but so few measurements of 
this kind have been made on plastics that we believe that 
any attempt to discuss the results would be premature. 

We welcome the additional data presented by Messrs. 
Dunton, Jackson, Brown, Messent, and Moullin. Our 
value for chlorinated diphenyl was taken from the 
paper Mr. Moullin has quoted. The omissions he has 
noted were merely due to considerations of space. In 
reply to Mr. Dunton, we have no information regarding 
the use of this material for mouldings, though we under¬ 
stand that chlorinated diphenyl plastics can be cast in the 
same way as the natural waxes. 

Replying to Mr. Bennitt’s query about the evidence 
for the structure of the resins, we did not mean to imply 
that the experiments with varying proportions of formal¬ 
dehyde alone suggested that particular structure, but 
that, since additional phenol, formaldehyde, and hexa- 
mine had no marked effect, it was reasonable to suppose 
that the properties observed were characteristic of a 
resin of definite structure. One might, of course, assume 
that the resins were all different and that the agreement 
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in properties was mere coincidence, but that is very- 
improbable. 

The actual structure suggested is based on chemical 
evidence and is fairly generally accepted. 

We are not quite sure whether Mr. Potter’s objection 
to our molecular model is based on chemical or physical 
considerations. Probably no molecular model could 
claim to give a correct picture of a physical structure, 
but our model is, at any rate, more nearly correct than 
the usual graphic formula, for it does show a real three- 
dimensional structure. The assumptions made in its 
construction are that the sizes of the atoms in the resin 
are the same as those found for organic compounds 
which have been analysed by X-ray methods, that the 
benzene ring retains its usual size and shape, and that 
the tetrahedral angle between the four bonds of the 
aliphatic carbon atom is preserved in the structure. 
We merely claim that a model which embodies so much 
physical and chemical evidence is not likely to be seri- 



Fig. C . —Molecular model of heat-hardened phenolic resin. 


ously misleading and is very helpful in visualizing the 
type of structure in question. 

It may be of interest to explain that models of the 
various plastics such as were shown during the reading of 
the paper can be made simply and cheaply in the follow¬ 
ing manner. Wooden ball-feet, consisting of spherical 
balls with wooden pegs attached (see Fig. C) are drilled 
in suitable jigs, so that holes are made either at 120° 
or 109° to the peg. Those with holes at 120° in the same 
plane with the peg can be readily assembled into hexago¬ 
nal rings, simulating benzene, while those with holes 
at 109° (the tetrahedral angle) give, when joined together, 
aliphatic chains of the paraffin type. Substituents can 
be plugged into vacant holes. ® 

Mr. Martin’s objection to the term "plastics” is a 
natural one, but it has now become so widely used for a 
particular group of materials that a change at this stage 
would probably only add to such confusion as may 
exist. 

Several questions remain to be answered. In reply 


to Mr. Langwell, we have not done any work on the 
possibility of accelerating the polymerization of poly¬ 
styrene, but it is an attractive idea. To Mr. Gardner, we 
do not consider it likely that it will be possible in the 
near future to forecast the effect on electrical properties 
of a change in the cresol fraction used. Theoretically, 
the comparatively sluggish bifunctional o- and p-cresols 
cannot form heat-hardening resins, while the trifunc¬ 
tional m-cresol can do so readily. When mixtures of the 
three are used, the bifunctional cresols may form part of 
a three-dimensional structure of the type 



Structures of this type would have to be studied quanti¬ 
tatively before predictions could be attempted. 

We cannot offer Mr. Potter any explanation of the 
undulations in the curves for dielectric constant in Fig. 5. 
They are clearly connected with the absorbed water, 
since the curves for the dried resin do not show them. 
The dielectric constant of water itself diminishes with 
rise of temperature; on the other hand, its conductivity 
increases, and this often causes an increase in the effective 
dielectric constant of substances containing water. Vari¬ 
ations in the relative magnitudes of two such effects 
might account for the undulations. 

It is equally difficult to give Mr. Messent a detailed 
explanation of the decrease in power factor of the dried 
resin with rise of temperature. We have ascribed the 
power factor to the motion of the polar OH groups 
against the action of a controlling force of a frictional or 
viscous type. The diminution of power factor is there¬ 
fore probably accounted for by changes in this con¬ 
trolling force with rise of temperature. Such changes 
are quite probable, for it is well known that viscosity, 
for example, diminishes rapidly with temperature. We 
are not entitled to assume, however, that the forces 
concerned in this material are those of ordinary viscosity, 
and can only say that we believe the explanation is to 
be sought on these lines. 

Mr. Gardner’s question, as to whether lower power- 
factors are to be expected from thermoplastic resins only, 
is one of great difficulty. The cross-linking required to 
yield a three-dimensional heat-hardened product does 
seem to necessitate the existence of active substituent¬ 
directing groups, which, being polar, tend to produce a 
high power factor. We are not prepared to say, however, 
that the production of a heat-hardening hydrocarbon is 
a theoretical impossibility. Polystyrene can be cross- 
linked with divinyl benzene, and there seems to be no 
reason why further developments in this direction should 
not be possible.* As such a development would also 
meet the demand of several other speakers for the 
elimination of condensation reactions, it may be regarded 
as the ultimate goal towards which the discussion as a 
whole is pointing. 

* Cf. a recent paper by R. G. W. Norrish and E. F. Brooicman: Proceedings 
of the Royal Society, A, 1937, vol. 163, p. 205. 
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SUMMARY 

An account is given of the investigations on which were 
based much of the revision and, in particular, the new rating 
and voltage-drop tables, with Appendix 5, of the Tenth 
Edition of the I.E.E. Regulations for the Electrical Equip¬ 
ment of Buildings. The results of these investigations will, 
subject to the approval of the I.E.E. Council, be embodied in 
the next edition of the Regulations for the Electrical Equip¬ 
ment of Ships. This work, carried out partly at the National 
Physical Laboratory and partly at the E.R. A. auxiliary labora¬ 
tory, dealt mainly with the effect of alternating current instead 
of direct current; of new modes of installation such as heavy 
cables in cleats, large groups of cables in conduits, ducts, 
chases, and surface wiring systems; the use of bare copper 
rods, long vertical runs in chases or shafts, etc.; and with the 
effect of steel bulkheads or steel-reinforced concrete structures 
in proximity to a.c. systems. While the earlier figures of 
the Ninth Edition were .largely confirmed as general averages 
for certain conditions, a large number of new circumstances 
were investigated in detail, and the values observed were 
theoretically substantiated to the accuracy permitted by the 
conditions. The main purpose of the paper is to indicate 
the more accurate figures on which the necessarily condensed 
average tables of the Regulations are based, but the detailed 
results have also other applications. 

The experimental work is classified broadly in three 
sections, as follows:— 

(a) The current-carrying capacities of large cables run in 

air in various configurations. 

(b) Effects due to proximity of large cables to steel struc¬ 

tures. In this section of the research, cables were run 
parallel to a steel plate, through holes in a steel plate, 
and through a steel-rod structure (to simulate rein¬ 
forced concrete). Tests were made on both single¬ 
phase and 3-phase systems. 

(c) The properties of small rubber-insulated cables (sizes up 
to 0 - 5 sq. in. were included in some conditions of test) 
installed in . a variety of methods such as in conduits, 
ducts, etc. 

The results of the investigations show that the reduction 
in current-carrying capacity due to skin effect and sheath 
losses is only serious in cables of 0*5 sq. in. conductor section 
and above. The increase in current rating due to better 
cooling conditions when cables are spaced farther apart may 
be partially or wholly counterbalanced in lead-covered cables 
by increase in sheath losses. In the case of bare copper rods 
run vertically, the temperature of which may be higher than 
that of insulated cables, it was found that excessive heating 
of rubber-insulated cables connected to the rods occurred near 
the joints. 

When cables carrying alternating current are run close to 
a steel plate the impedance is increased, and in some cases 


the effect on the voltage-drop may be sufficient to necessitate 
reducing the current rating of the cable below that based on 
the permissible temperature-rise. Also, in the case of a 
reinforced-concrete building, steelwork may be so heated 
owing to heavy currents in large cables as to cause serious 
expansion. 


INTRODUCTION 

In the Tenth Edition of the Regulations for the 
Electrical Equipment of Buildings, the ratings, except 
for small cables, are based on a maximum temperature- 
rise of 20 deg. F. (11 • 1 deg.C.) for rubber-insulated cables 
and 50 deg. F. (27 • 7 deg. C.) for paper-insulated cables; 
and, where actual ratings are given in the paper, they 
refer to these values. For any other temperature-rise 
which may later be adopted the corresponding ratings 
can easily be calculated as shown. The more general 
conclusions in each section will be unaffected by a change 
of this nature. 

(1) CURRENT-CARRYING CAPACITY (D.C. AND 
A.C.) OF PAPER-INSULATED AND RUBBER- 
INSULATED CABLES UNDER VARIOUS CON¬ 
DITIONS OF INSTALLATION 

(a) Scope of Investigation 

The investigation was undertaken to determine the 
current ratings of two and three single-core cables run 
under various conditions. Ratings were required for 
both rubber- and paper-insulated cables, (i) with direct 
current, and (ii) with alternating current at 50 cycles 
per second. 

New rubber-insulated and impregnated-paper-insulated 
lead-covered cables made by members of the Cable 
Makers’ Association, for a working voltage of 660 volts, 
were used. The nominal cross-sectional areas of both 
types of cable were 0*1, 0*25, 0*5, and 1*0 sq. in. The 
dimensions and resistances of all the cables complied with 
the requirements of B.S.S. No. 7—1926.* The length of 
each cable was about 20 ft. 

The current-carrying capacity of each cable was 
determined by the measurement of temperature-rise for 
a range of appropriate currents, both direct and altema- 


* The changes subsequently introduced in B.S.S. No. 480 as compared with 
B.S.S. No. 7 are not material to the present investigation. 
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required°t,Sf tteSe measur ™ents the current 
under thp o-i ^ P er missible temperature-rise 

bylnt^oE ° nS ° £instal ““ "• determined 

tri S , t ;'; Cn COnditions of installation, which were considered 
to be representative of the more usual conditions S 


(b) Procedure 

in the determination of the temperature of the con- 
.J 00 ° r ’ me thod of inserted thermocouples and 

a epen mg on the change of the conductor resistance 
were use . In the former, five couples made up of 
copper-constantan of 0*0092 in. diameter were inserted 


Table 1 


Conditions of Laying of Cables 


i 


Condition of 
laying 


A 


B 


C 


D 


E 


F 


G 


2 

3 

4 

5 

6 

7 

Size of cable 

Paper-insulated lead-covered 
cables 

—— -. .... 

Taped and braided 
rubber-insulated cables 

t 

Type of rack, method of laying, etc. 

Distance 
between cable 
centres 

Distance 
between cable 
centres and 
wall or floor 

Distance 
between cable 
centres 

Distance 
between cable 
centres and 
wall or floor 

sq, in. 

1-0 

0-5 

0*25 

0-1 

in. 

1*8* 

1-3* 

1*0* 

0*7* 

in. 

0*9f 

0* 65f 

0*5f 

0*35f 

in. 

1*75* 

1*3* 

0*9* 

0*6* 

in. 

0 ■ 9f 

0*65f 

0*45f 

0* 3f 

-\ 

, rac ks; cables lying on floor in contact 

with each other and with floor 

1-0 

0*5 

0*25 

0-1 

3*6 

2*6 

2*0 

1*5 

0* 9f 
0*65f 
0*5f 
0*36f 

3*5 

2*6 

1*8 

1*2 

0*9f 

0*65f 

0*45f 

0-3f 

, racks; cables in contact with floor and 

separated from each other 

1*0 

0*5 

0*25 

0*1 

3*6 

2*6 

2*0 

1*5 

2i 

2£ 

li 

li 

3-5 

2-6 

1-8 

1-2 

2i 

2i 

li 

li 

-\ 

■ Raised from floor and separated 

1-0 

0-5 

0*25 

0-1 

1*8* 

1*3* 

1*0* 

0*7* 

0*9f 

0*65f 

0*5f 

0*35f 

1-75* 

1-3* 

0*9* 

0* 6* 

0*9f 

0*65f 

0*45f 

0*3f 

Clamped against wall; cables in contact 
with each other and with wall 

1*0 

0*5 

0*25 

0-1 

3-5 

3*5 

2*0 

1*5 

n 

2± 

li 

li 

3*5 

3*5 

1*8 

1*2 

2i 

2i 

li 

li 

| Porcelain in iron frame on wall 
i- Wooden cleats on wall 

1*0 

0*5 

0*1 

3*5 

3*5 

3*5 

2i 

2i 

2£ 

3*5 

3*5 

2i 

2i 

► Porcelain in iron frame on wall; 3-phase 

0*25 

0*1 

2*0 

1-5 

li 

li 

1*8 

1*2 

i 

^ ) 

li J 

Wooden cleats on wall; 3-phase 


* Cables touching. 

practice, were investigated. Details of these are given 
in Table 1. * ^ en 

^ In the tests on paper-insulated, lead-covered cables 
the sheaths were bonded at each end. The bonding was 
effected by means of several strands of tinned copper 
wire soldered to the sheaths. The resistance of the bond 

was not greater than that of an equal length of lead 
sheath. 


f Cables touching wall or floor. 

at equidistant points in the central 10-ft. length of each 
cable. In the other method the change of resistance was 
directly determined by means of a double bridge. The 
results obtained by the two methods were in good agree¬ 
ment. In general, the resistance method was adopted 
as being more convenient; it has also the advantage that 
it is not necessary to drib into the cable at a number of 
points, with the consequent possibility of leakage of off. 
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The smallness of the temperature-rise permitted for 
rubber-insulated cables, which was only 11*1 deg. C., 
made the obtaining of a consistent series of ratings a 
matter of considerable difficulty. A very high degree of 
accuracy is especially called for in the temperature to 
which the basic or " cold ” resistance values refer. The 
temperature of the air was obtained from a series of 
thermometers reading to a hundredth of a degree C. hung 
near the cable, but at a sufficient distance not to be 
appreciably affected by radiation or convection from it. 

In determining the rating of cables which are super¬ 
posed one above the other, and when one of the con¬ 
ductors on account of its position is necessarily hotter 
than the other, the rating has been based on the 
behaviour of the hotter cable. In the case of three 
cables laid up together and carrying 3-phase current 
there are additional differences beyond those due to 
position, consequent on the unequal sheath losses in the 
three cables. In the case of three lead-covered cables 
run in flat formation the losses in the two outers are 
unequal. In which of the two outers the greater sheath 
loss occurs depends upon the phase sequence. In deter¬ 
mining the rating the most unfavourable condition was 
always taken, and the phase sequence was arranged so 
that the greater sheath loss occurred in the uppermost 
cable, i.e. in the cable which was most affected by mutual 
heating. 

(c) Thermal Resistivity of Dielectric 

The thermal resistivity of the dielectric of all the 
cables tested was determined, in order to ensure that they 
could be regarded as typical samples, and also in order 
that an approximate correction could, if required, be 
estimated for the ratings of cables having coverings of 
very different thermal resistivity. In the lead-covered 
cables the determination was effected by measuring the 
changes in the resistances of the conductor and sheath, 
and thence deducing their temperatures. For tins pur¬ 
pose the temperature coefficient of a sample of lead taken 
from the sheath of each cable was specially determined. 

The values of thermal resistivity of the dielectric for 
the various sizes of paper-insulated cables ranged from 
K* — 630 to K = 800, the mean value being K — 730. 

In the case of the rubber-insulated cables the thermal 
resistivity was obtained as a mean for the whole covering, 
which includes the taping and braiding in addition to the 
rubber. The temperature of the outer surface of the 
covering was assumed to be the same as that of a fine 
copper wire which was bound round it over a length of 
some 3 yards, and over which a single layer of rubber 
tape was then wrapped. This wrapping of rubber tape 
was continued at both ends for some distance beyond 
the region occupied by the copper winding so that the 
heat transference from the core should be properly radial 
over the part tested. The temperature of this copper 
winding was derived from measurements of its resistance, 
the temperature coefficient of which had been specially 
determined. 0 

In order to afford a check on the method, thermo¬ 
couples were wrapped under the rubber tape, at several 
points on the surface of the cable. The temperature 

* K is expressed as the temperature-difference, in degrees Centigrade, per 
watt transmitted between the opposite faces of a centimetre cube. 


indication of these was in every case some 0*2 or 0*3 
degree Centigrade lower than that derived from the 
change of resistance of the wire wrapping. 

In these circumstances the method giving the higher 
indication of surface temperature was considered likely 
to be the more correct, and in the calculation of thermal 
resistivity the temperature derived from the resistance 
of the wire was preferred to that indicated by thermo¬ 
couples. A probable explanation of the discrepancy lies 
in the non-uniformity of the surface temperature of the 
rubber-insulated cable; the closely wound spiral of wire 
will naturally give a better indication of mean tempera¬ 
ture than will a few isolated thermocouples. 

The values of thermal resistivity of the dielectric of 
the rubber-insulated cables detennined by the wire 
method ranged from K = 630 to K — 720, the mean 
value being K = 670. 

(d) Relation between Current and Temperature- 

Rise 

The results obtained for the temperature-rises corre¬ 
sponding to various current loadings were examined to 
determine the best average value to be adopted for the 
index “ n,” if it is assumed that the two quantities are 
connected by the relation— 

9 = cl n 

where 9 is the temperature-rise of the conductor above 
the surrounding air and I is the current in amperes, 
c being a constant depending on the conditions of 
installation. 

In general, the currents at which tests were carried 
out were adjusted to produce a temperature-rise as close 
as possible to 11 • I deg. C. in rubber-insulated cables, 
and to 27-7 deg. C. in paper-insulated cables. The 
index n was calculated for each cable by taking two pairs 
of values of current and temperature-rise and substituting 
them in the formula— 

. lQ g (gi/gg) 
log (A/4) 

The examination of a large number of results shows that 
the mean value for n lies between 1 • 6 and 1 • 8. 

A later series of tests, in which rubber-insulated cables 
were loaded to give a wider range of temperature-rise 
(from 2-5 to 32 deg. C.), gave an exponent of 1*84. 
Approximately the same value was obtained in tests, 
described in (/) below, on 3- and 4-core paper-insulated 
cables for a temperature-rise varying between 20 and 
60 deg. C., and it therefore appears that this value may 
be used in extrapolating over quite wide temperature 
limits for cables of 0 • 1 sq. in. to 1 • 0 sq. in. copper section. 
In obtaining the values of current loading corresponding 
to the standard temperature-rise, extrapolation was not 
usually resorted to. The method generally adopted 
was so to adjust the current that values were obtained 
for the temperature-rise closely approximating to the 
standard value. The logarithms of current and temper¬ 
ature-rise were then plotted for the experimental values, 
the best straight line drawn through them, and the 
required value for the current producing the standard 
temperature-rise obtained by interpolation. 

The current rating I corresponding to any temperature- 
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rise 6 different from the value 6 0 permitted in the Tenth 
Edition of the Wiring Regulations may, however, be 
calculated by multiplying the values given therein by 
( dld 0 )°' 64 . It can be shown that the error in current rating 
thus introduced will not exceed 5 per cent so long as the 
ratio 6j9 0 is not less than 0-56 or greater than 1 • 8. 


and it was considered more direct to use the carrying 
capacities actually determined rather than values cal¬ 
culated from dissipation coefficients which have them¬ 
selves been determined from similar tests. The measured 
values are, in fact, in accord with the general theoretical 
scheme, on the assumption that the emissivity of braided 


Table 2 


Rating Factors for Cables under Various Conditions of Laying* 


1 

2 

3 

4 

s 

6 

7 

8 

Conditions 
of laying 
(see 

Table 1) 

Nominal 
size of 
conductor, 
sq. in. 

Paper-insulated, lead-covered cables 

Rubber-insulated cables taped and braided 

Ratio of a.c. to d.c. rating 
under same conditions 

Ratio, of rating under given 
conditions to rating under 
Condition E 

Ratio of a.c. to d.c. rating 
under same conditions 

Ratio of rating under given 
conditions to rating under 
Condition E 

Measurement 

Calculation 

D.C. 

A.C. 

Measurement 

Calculation 

D.C. 

A.C. 

A 

TO 

0-85 

0-85 4 

0-93 

0-98 

0*90 

0* 90 7 

0*92 

0*93 


0-5 

0-98 

0*95 4 

0-88 

0*95 

0*98 

0*97 4 

0*87 

0*86 


0-25 

0*99 

0- 98 6 

0-86 

0*87 

1*00 

0*99g 

0*87 

0*87 


0-1 

0-99 

0*99 7 

0-87 

0*87 

1*00 

0*99g 

0*85 

0*85 

B 

1-0 

0-81 

0-79 0 

0-98 

0*99 

0*96 

0*943 

0*99 

1*07 


0*5 

0-95 

0-92g 

0-96 

1*00 

0*97 

0*98 6 

0*94 

0*92 


0-25 

0-97 

0‘97g 

0-97 

0*95 

1*00 

0* 99 6 

0*93 

0*93 


0-1 

0-99 

0-99g 

1-05 

1*06 

1*00 

O*99 0 

0*93 

0*93 

C 

1-0 

0-80 

0-79 0 

1-03 

1*02 

0*93 

0*94 3 

1*05 

1*11 


0-5 

0-91 

O’ 92g 

1-02 

1*02 

0*97 

0* 98g 

1*02 

1*00 


0-25 

0-97 

0-97g 

1-04 

1*03 

1*00 

0* 99 6 

1*04 

1*04 


0-1 

0-99 

0‘99g 

112 

1-12 

1*00 

O*99 0 

1*00 

1*00 

D 

1-0 

0-87 

0-85 4 

0-84 

0*90 

0*93 

0* 90 7 

0*87 

0*90 


0-5 

0*95 

0-95 4 

0-83 

0*87 

0*96 

0*97 4 

0*83 

0*80 


0-25 

0-98 

0*98g 

0-82 

0*81 

1*00 

0*99 3 

0*81 

0*81 


0-1 

0-98 

0-99 7 

0-84 

0*83 

1*00 

0* 99g 

0*83 

0*83 

E 

1-0 

0-80 

0" 79g 

1-00 

1*00 

0-89 

0*94 3 

1*00 

100 


0-5 

0-91 

0’90 4 

1-00 

1*00 

0*99 

0* 98 s 

1*00 

1*00 


0-25 

0-99 

0-97 3 

1-00 

1-00 

1*00 

0*99g 

1*00 

1*00 


0 • 1 

0-99 

0-99g 

1-00 

1*00 

1*00 

0*99 9 

1*00 

1*00 

F 

1-0 

— 

— 

— 

0*87 

- 



0*96 


O' 5 

— 

— 

— 

0*94 

— 

— 

_„ 

0-97 


0-1 

' 

—• , 

— 

1*01 

— 

—• 

—. 


G 

0-25 

— 

* 

— 

0*97 

■ 



0*98 


0* 1 



" 

0*98 

— 

—. 

— 

0*99 


i 


* All lead-covered cables were bonded at each end. 
arranged to give the maximum heating effect. 


The rating factors for Conditions F and G apply to balanced 3-phase loading, the phase sequence being 


In Appendix II theoretical formulae for calculating the 
current ratings are given, depending on a knowledge of 
certain thermal-dissipation coefficients. General values 
of these coefficients have since been determined, and 
calculation on the basis of these values gives satisfactory 
agreement with the present tests. However, the condi¬ 
tions envisaged in the present section are well defined, 


coverings is unity and that of plain lead sheaths is low, 
corresponding to a quasi-bright surface. 

(e) Current-Carrying Capacities of Single-Core 

Cables 

The results obtained are summarized in Table 2 in 
the form of ratios, and actual ratings have been plotted 
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in Figs. 1 to 6. From these curves the ratings of other 
sizes of similar cables may be derived by interpolation. 
Columns 3 and 6 give the ratio of a.c. rating to d.c. 
rating under the same conditions of installation, which 
is compared with the theoretical ratio. The latter can 



Fig. 1.—Two cables laid together on floor in contact. 


in this case be accurately calculated by the method given 
in Appendix II. From these figures it is evident that the 
reduction in current-carrying capacity due to skin effect 
and sheath losses is only serious in cables having a cross- 
sectional area of 0-5 sq. in. or greater. 



Fig. 2.—Two cables laid on floor and separated. 


The effect of increasing the spacing of cables is generally 
to improve the cooling conditions, but the increase in 
current-carrying capacity which may be expected on this 
account may be wholly or partially counterbalanced in 
lead-covered cables, when carrying alternating currents, 
by the corresponding increase in sheath loss. 

Vol. 83. 


The rating factors given in Table 2, cols. 4, 5, 7, and 8, 
show more clearly the effect of installation upon the 
current-carrying capacity. In calculating these rating 
factors, the current-carrying capacity for each size of 
cable installed under any given condition has been 



Fig. 3. —Two cables raised from floor on cleats. 


referred to the corresponding value for two such cables 
run horizontally one above the other on a vertical wall, 
supported by cleats and separated from one another and 
from the wall by specified distances. This method of 
installation has been termed “ installation under defined 



Fig. 4.—Two cables in contact on vertical wall. 

conditions ” in the Tenth Edition of the I.E.E. Wiring 
Regulations. 

The results in all cases apply to cables run horizontally. 
In the tests on cables run vertically it was found that the 
upper part was generally hotter than the mean tem¬ 
perature of the whole cable. Accordingly, the question 

32 
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of vertical cable-runs will be treated separately in 
Section (3). 

(f) Three-Core and Four-Core Cables 

A series of tests was made to determine the current- 
carrying capacity of 3- and 4-core 600-volt plain lead- 



Fig. 5.—Two cables supported in cleats on wall. 


sheathed, paper-insulated cables with circular conductors. 
Two sizes were investigated, viz. 0-25 sq. in. (both 3- and 
4-core) and 0-4 sq. in. (4-core). Balanced 3-phase load¬ 
ing was adopted as giving the worst condition, the fourth 
core (of the same size as the other three) in the case of 



Fig. 6.—Three cables supported in cleats on wall. 

4-core cables being idle. The cables were in 30-ft. lengths 
and were installed horizontally in mild-steel cable hangers 
along the wall and a few inches below the covers of a 
special draught-free test pit. 

The tests covered a range of tempera’ture-rise between 
20 and 60 deg. C., and the temperature-rise was found to 
be proportional to the current raised to the power 1*9. 


The current rating of the 4-core cable was found to be 
only 3 per cent higher than that of the corresponding 
3-core cable, and the values obtained agreed closely with 
those calculated on the assumption that such cables are 
thermally equivalent to six single-core cables of the same 
size bunched together [see Section (3) (/) (ii)]. 

(2) EFFECT OF STEELWORK ON LARGE LEAD- 
COVERED CABLES 

(a) Cables Run Parallel to Steel Plate 
(i) General. 

This condition may occur in ships and also in large 
concrete buildings. In the first case, cables may be run 
in racks, etc., along a bulkhead or the side of the ship; 
in the second, cables may be run along a column or panel 
in which is embedded a steel plate, usually supported by 
one or two girders or channels; a 2-in. cover of concrete 
over the plate is the normal minimum. 

It was decided to employ for test purposes a sheet of 
steel 18 ft. x 3ft. x 0*4in. thick, the steel being of 
normal type for the uses envisaged.* 

The plate was laid on a concrete floor, and the cables 
were supported in a horizontal plane above the plate 
on wooden blocks. This arrangement did not give the 
worst thermal conditions, but, since the temperature- 
rise of the steel did not exceed 2-5 deg. C. in the centre 
for a 30 deg. C. rise in the cable cores, the heating of the 
steel may be neglected. The ambient air temperature 
above the steel was raised slightly—by not more than 
2 deg. C. The temperatures of the cable cores were 
measured by increase of the d.c. resistance, while the 
temperatures of the sheaths and steel plate were deter¬ 
mined by thermocouples, and the air temperatures by 
thermometers. The a.c. impedance was measured by 
means of a Campbell—Larsen potentiometer in con¬ 
junction with mumetal current-transformers and shunts. 
Since both single-phase and 3-phase tests were made, a.c. 
impedances are always given for one phase only, i.e. 
the impedance of one phase with a hypothetical neutral 
return at a great distance, carrying no current. In 
3-phase tests an actual neutral wire is necessary, the 
location and balance of which has been described 
elsewhere, f 


(ii) Effect of steel plate on current-carrying capacity. 

The temperature-rise of a cable core in these conditions 
is proportional to a power of the heating current which is 
approximately the convection value of 1-6, but usually 
rather greater. The index is not influenced to any great 
extent by the proximity to steel, the cable spacing, or 
the bonding of the sheaths. 

The additional losses due to the steel when the sheaths 
are insulated are mainly located in the steel itself and 
therefore do not cause so important a reduction in carry¬ 
ing capacity as in the case of larger cables with the 
sheaths bonded. Figs. 7 and 8 show the effect of 
proximity to steel for paper-insulated cables with plain 
lead sheaths bonded, the thermal dissipating effect of 
the steel itself, which actually increases slightly the 

n * 3b. picrd , figures for composition are: carbon, 0-16 per cent; manganese, 
and Phosphorus, less than 0-06 per cent. The electrical 
and thermal resistivities will be of the order of 12 microhm. cm. and 2 • 1S thermal 
ohm. cm. respectively, 
t See-Bibliography, (3). 
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rating of small cables where the additional losses are very 
small, being taken into account. For 3-phase tests 
the rating has been based on the temperature-rise of the 
hottest cable, which for small cables is the middle cable 



Fig. 7. —Effect of steel plates on carrying capacity of 
unarmoured single-conductor cables (sheaths bonded) 
—single-phase systems. 


and for large cables is the outer having the greater sheath 
loss. Thus in a transposed system of large cables the 
reduction may be somewhat less than that given. The 
reduction of carrying capacity increases with spacing and 
size of cable and increases more and more rapidly as the 
steel is approached. In this effect the decrease of rating 
follows the increase of sheath losses, by which it appears 
largely, though not wholly, to be determined. The 
maximum possible reduction appears to be about 
15 per cent. 



Fig. 8 .—Effect of steel plates on carrying capacity of 
unarmoured single-conductor cables (sheaths bonded) 
—3-phase systems. 



Fig. 9. —Effect of steel plates on impedance of 0-2-sq.in. 
unarmoured, single-conductor cables (single-phase). 



Fig. 10.—Effect of steel plates on impedance of 0- 5-sq. in. 
unarmoured, single-conductor cables (single-phase). 
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Fig. 11. —Effect of steel plates on impedance of 0-75-sq. in. 
unarmoured, single-conductor cables (single-phase). 


(iii) Effect of steel plate on line constants. 

The overall impedance determines the length of cable 
for a given voltage-drop. The effect of the steel on 
this quantity is shown in some detail for single-phase 
systems in Figs. 9, 10, 11, and 12. In general, the order 
of the percentage increase in impedance is independent 
of the cable size over the range considered, being about 
25 per cent at 1 in. distance from the steel for 6 in. 
spacing between sheaths, 20 per cent for 3 in. spacing, and 
15 per cent for 1 in. spacing. Such approximations, 
though useful, are empirical, since the relative importance 
of reactance and resistance, which are affected by steel in 
a different manner, changes with size of cable. 

When the sheaths are insulated an additional impe¬ 
dance arises from the magnetic flux, the hysteresis losses 
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Fig. 12.—Effect of steel plates on impedance of 1 -0-sq. in, 
unarmoured, single-conductor cables (single-phase) 
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and eddy currents in the steel, and proximity effects in 
the cores of the cables. The last effect should be small 
and is the only one which depends on the size of the 
cable per se. Accordingly, the absolute increase of 
resistance and reactance in microhms per cm. should be 
roughly independent of'the size of the cable. This is the 
case, except when the cable is very close to the steel, and 
values observed at currents not widely different (to avoid 
change m saturation) are given in Fig. 13. When very 
c ose to the steel the larger cables have higher resistance- 
increments and rather lower inductance-increments 
. In a Previous paper* it has been shown that the 
impedance to neutral of one of a pair of conductors 
parallel to a conducting and/or magnetic plate is given 

D J Z i> wLere Z 18 the eddy-current self-impedance 
of the cable with plate return and Z, the mutual impe¬ 
dance between this circuit and that comprising the 
second cable with plate return. The problem is similar 
to that of an overhead-line circuit with earth return 
which has been investigated mathematically by Carson, f 


to the conductors. . It is to be noted that the theory 
put forward explains the slow change observed in 
impedance increment with spacing ‘ between the con¬ 
ductors unless the latter are very close to the steel. 

The foregoing theory can be applied to devising means 
for ameliorating the effects due to adjacent metalwork. 
. ormall y losses are, to a first approximation, 
inversely proportional to the square root of the product 
of permeability and conductivity, and unless special 
constructional methods can be adopted mild steel 
compares favourably with other material, as illustrated 
m Table 3. In such cases as switch and busbar cubicles, 
however, it might be possible to reduce the losses by 
interleaving steel with highly conducting material or 
preferably attaching to the steel bands of copper running 
parallel to the cables and joined at the ends, in order to 
give a low-resistance path to the eddy currents while 
retaining the high magnetic properties of the steel. 


£ 


0*6j- 


Q> E 


^ spacing between cables. 
f° r ^.spacing between cables. 
Calculated for 6 spacing between cables. 

Measurements made at> 

305 amps, for 0-2 sq. in. cables. 

365 amps, for 0-5 so. in. cables. 

550 amps, for 075 so.in. cables. 

580 amps, for !-0 sq.in. cables, 

-Reactance at 50 cycles per sec. 

- - - Resistance at 50 cycles per sec. 


T able 3 

Resistance Increment due to Adjacent Metal 
Panel. (Axial separation of conductors = 38 cm. 
Distance of conductors from panel = 15 cm.) 


0-2 1 


v ’ 2 4 6 8 icT 

, ° ,u ic 14 

Distance from steel plate, in inches. 

Fig. 13.—Increase of resistance and reactance due to 
plate when sheaths are insulated. Single-phase systems 

and his values for Z and Z x may be taken, provided 
the current density on the side of the plate remote from 
the cables is negligible. This assumption is correct if 
2 /iy/a is greater than 10 , where h is the distance of the 
conductors from the plate and a - a and a 

being respectively the conductivity and the permeability 
of the plate in c.g.s. units. Even if 2V« is not much 
greater_than unity the error in the above assumption is 
not serious The losses so evaluated are, however far 
lower than those observed, since no allowance is made 
for hysteresis. The latter may be taken into account 
by expressing the permeability as /xe>A, and it can be 
shown that this multiplies the' losses by cos U + sin 4 
For mild steel <j> is of the order of 45°, and the in¬ 
crease m the losses due to hysteresis will therefore 
e about 30 %. The increments of resistance and 

spaced 1 C 6 in aVe ^ calculated in this way for cables 
paced 6 in. apart, and are shown in Fig 13 The 

agreement with observation is as close as can be expected 

“ to assigning correct Xf to 

a nd 9 , and serves to show that hysteresis losses are 

a^determining feature and that further increase in the 

hretness of the steel would not increase S fe 

the losses occur only at or near the surface adjacent 

* See Bibliography,(5). t (6) . 


Material of panel 

_ Resistance 
increment as 
percentage of 
value for 
mild steel 

Mild steel .. 

Cast iron .. .. ., j 

Aluminium 

Non-magnetic steel 

Interleaved steel and aluminium 

Mild steel with bonded copper bands 

100 

300 

285 

1 230 

79 

28 


3 ? en . f heaths are bonded the core current is 
partly shielded by the sheath current, thus reducing the 
inducing field in the steel, but, at the same time? the 
presence of the steel increases the magnetic flux between 
the cables so that the sheath currents are greater and the 
energy loss m the sheaths is increased by the presence of 
tne steel. The net effect is an increase in resistance and 
a corresponding decrease in reactance owing to the 
shielding effect. These two effects are shown in Fig. 14. 
It is observed that, owing to the presence of two opposite 
effects on the resistance, as explained, the sheath loss 
(increment of resistance on bonding sheaths) is not 
affected by the steel until the cables are close to it when 
he loss rises rapidly. The decrease of reactance on 
bonding the sheaths is affected by the steel at greater 
distances. The absolute values for these quantities 
depend on the sheath resistance and its dimensions, so 
that they vary with the size of cable. Accordingly the 
value of a theoretical calculation does not justify the 
complexity involved. The variation of cable rating 
follows to a large extent the variation of sheath loss 
1 he former can, in fact, be calculated from the latter 
by the methods given in Appendix II, but only to a 
limited accuracy on account of the thermal effect of the 
steel and proximity effect in the cable cores 
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In an untransposed 3-phase system in one plane, 
the measured increment of resistance of a phase due to 
alternating current is given by ( R 0 -f~ Rj), where R c is 
the resistance due to skin effect and core and sheath 
proximity effects, and R 4 is the resistance due to phase 
transfer of power.* Tins latter term, in the absence 
of steel, is 0-76 microhm per cm. for the outer cables, 
being positive for phase I (the leading phase) and 
negative for phase III, while for the middle cable it 
is zero. Correcting the measurements in this way it 
is found that the resistance is the same in both outer 
cables and its increment in the presence of steel is greater 
than that of the middle cable, as shown in Fig. 15. 



Fig. 14.—Effect of bonding sheaths in presence of steel plate. 
Single-phase systems. 


The absolute values in microhms per cm. are independent 
of the size of the cable, except that the loss is higher in 
larger cables when very close to the steel. Further, the 
mean loss per phase due to'the steel agrees approximately 
with the values for single-phase systems and arises from 
the same cause as previously computed. Accordingly the 
difference between the outer and the middle cables is to 
a large extent due to asymmetry in the phase transfer of 
power, increased by the presence of the steel and causing 
a transfer of power from the middle to the outer phases. 
In addition, the proximity effects are different in the 
middle cable. Apart from this, 3-phase and single-phase 
systems should give nearly the same results since the 
quantity .2^ defined above is small, while Z is not affected 
by the change from single-phase to 3-phase. 

The reactance X in the 3-phase case may be shown in 
the same way to be given by— 

X = A log (s/26) + X c + X A 

where s — spacing, 6 = radius of core, A = 0*216 
microhm per cm. at 50 cycles per sec. in absence of 

* See Bibliography, (4). 


steel, and X A = phase transfer of reactive power 
(1-45 microhms per cm. at 50 cycles in absence of 
steel). X& is positive for phase I, negative for phase 
III, and zero for the middle cable. X c is the internal 
inductance, which was found to be approximately un¬ 
affected by the steel. Accordingly Fig. 16 shows the 



Fig. 15.—Increase of resistance due to proximity to steel in 

3-phase systems. 


increase in the first and third terms due to steel separately. 
This increase is independent of size of cable and of phase 
except very near the steel, when the outer cables have a 
greater reactance, while that of smaller cables is greater 
than that of larger. As with the resistance, the mean 
increment of reactance per phase is approximately the 
same as that for a single-phase system, in agreement with 
theory. The asymmetry already referred to is illustrated 
in the difference between X A for phases I and III near 
steel. 
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Fig. 16.—Increase of reactance due to proximity to steel in 

3-phase systems. 


Figs. 17a and 17b show the effect of steel on the 
increase of resistance due to bonding the sheaths, i.e. the 
apparent sheath losses. The true sheath losses involve 
the measurement of the sheath currents, since otherwise a 
transfer of power between the sheaths is included. This 
transfer causes the minimum effect observed in phase III, 
since the transfer of power decreases the apparent 
impedance of phase III and increases that of phase I. 
Nevertheless it is clear that the cable of phase I will be 
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hottest with large cables. The increase in sheath losses 
due to steel mainly determines the decrease of carrying 
capacity. The decrease in reactance on bonding the 
sheaths is shown for 1-sq. in. cables in Fig. 18. The phase 
transfer of power which increases the apparent sheath 



Distance from steel plates in inches. 

Fig. 17a.— Effect of steel on sheath losses. Three-phase 

systems. 


losses of phase I tends to compensate the flux due to the 
sheath currents in that phase. Accordingly the reactance 
of phase I may increase slightly on bonding the sheaths. 
For small cables the effect on the reactance of bonding 
the sheaths is small. ° 



Fig. 17b. —Effect of steel on sheath losses. Three-phase 

systems. 

(iv) Effect of current density on impedance. 

The effect of current density over the range tested was 
small, the increment of resistance due to the steel decreas¬ 
ing with increase of current while the reactance increased. 
The amount of the latter was about 1 per cent per 
100 amperes when the cable was as close as possible to 


the steel plate. The decrease of added resistance due 
to alternating current in the same conditions was negli¬ 
gible for insulated sheaths except for 1-sq. in. cables, when 
it was about 1 per cent per 100 amperes. For bonded 
sheaths, the decrease was about 1 per cent per 100 
amperes for 0-2-sq. in. cables, rising to 2 per cent per 
100 amperes for 1-sq. in. cables. These figures refer to 
the range 2/3 to full load, which was the range covered 
in all these tests. 

(v) Armoured or magnetically-screened cables. 

Although single-conductor armoured cables are not 
employed with alternating current, some tests were 
made on a 0-75-sq. in. armoured cable to determine how 
far armouring, conduits, etc., would screen the effects of 
the steel plate. It was found that only a slight increase 
in losses occurred near the steel, and it was concluded 
that the impedance of cables screened by steel armouring 
or conduits would be substantially unaffected. The carry¬ 
ing capacity of the armoured cables was increased by 
about 10 per cent when the cables were actually resting 
on the steel plate, so that the rating of cables may be 
materially increased by supporting them close to a steel 



Fig. 18. Effect of steel plates on decrease of reactance 
due to bonding sheaths for 1-0-sq. in. cables 
(3-phase). 

plate or bulkhead if the magnetic effects are screened in 
a simple manner. 


(b) Cables Passing Through Steel Structures 

(i) Single cable passing through steel plate. 

This condition is rare but sometimes occurs in ships 
and in generating stations and substations, particularly 
in switch houses, where the return lead or remaining 
phases may be widely separated. Accordingly a test 
was made on a cable loop about 20 ft. square, one side of 
which was formed by a 0-75-sq. in. single-conductor 
unarmoured cable passing through a steel plate 3 ft. x 
4 ft. 6 m. x 0-4in. thick, by means of a circular central 
hole m which the cable was supported centrally by a 
wooden bushing. The cable was laid in a tunnel kept 
at a reasonably uniform temperature. 

Apart from its effect in impeding free convection 
currents from the cable, the steel plate had no important 
effect on the mean or local temperature of the core when 
the sheaths were insulated. Thus this aspect may be 
neglected under general working conditions, the reduc¬ 
tion in current rating being less than 5 per cent. When 
the sheaths were bonded to form a complete loop the 
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sheath at the steel plate was hotter than the steel, so 
that no reduction of carrying capacity is to be anticipated 
by direct effect of the steel. However, with so large a 



Fig. 19.—Isothermals in steel plate. 
Numbers on curves give temperature-rises in deg. C. 


cable loop the sheath currents were approximately 
39 per cent of the core current, with a corresponding 
reduction in current rating. 

Apart from the sheath currents, which may be elimi¬ 


nated by a suitable impedance bonding, the main 
interest lies in the heating of the steel. Fig. 19 shows 
the temperature distribution in the plate, the isothermals 
being distorted from circular form by the vertical con¬ 
vection currents. The condition illustrated is that giving 
the highest temperature-rise in the steel, viz. 80 per cent 
of the core temperature-rise. With a 6-in. hole and 
insulated sheaths the maximum temperature-rise of the 
steel was 30 per cent of the core temperature-rise, while 
with bonded sheaths the screening effect of the sheath 
current reduced these values to 30 per cent and 10 per cent 
for 2-in. and 6-in. holes respectively. 

The results of the tests are given in Table 4. 

Thus it is observed that, if a 6-in. diameter hole is 
allowed, the steel will not heat to any serious degree, and 
even if the hole is reduced to 2 in. diameter the tempera¬ 
ture will only be important on account of possible 
contact with materials of poor heat-resisting properties 
or very low ignition temperatures, or where a small 
differential expansion might have serious results, as in 
some types of reinforced structures. Apart from this 
the passage of a single cable carrying alternating current 
through steel plates and walls does not appear to 
involve very serious disadvantages. 

(ii) Three cables passing through steel plate. 

Tests were made with a 3-phase system of single¬ 
conductor cables up to 1-sq. in. conductor section passing 
through .the plate already described by holes of 2-g- in. 
diameter at axial spacings of 4^- in. and 7^-in., the 
cables being held centrally in the holes by wooden 
bushings. As in the single-cable tests, the current- 
carrying capacity of the cables, as determined by the 
mean core temperature over the whole length, was 
unaffected by the presence of the steel. Further, there 
was no indication of any appreciable local heating where 
the cable passed through the plate except under the 
worst conditions tested, viz. 1-sq. in. cables with sheaths 
insulated, when local heating may reduce the carrying 
capacity (based on the “ hot spot ” temperature-rise) by 
10 per cent at an axial spacing of 4- x % in. or by less than 
5 per cent at an axial spacing of 7}- ( .-in. The other 
factor which may influence the overall rating is the 
voltage drop. The results indicated that in this respect, 


Table 4 


Test Results on Cable Loop, showing Effect of Steel Plate on Paper-Insulated Lead-Sheathed Cables 




Insulated sheaths 

Bonded sheaths 

Condition 


Current for 
temperature- 
rise of 

27-7 deg. C. 

Total losses* 
as per¬ 
centage of 
d.c. loss 

Reactance 
at 50 cycles 
per sec. 

Sheath voltage 
per ampere of 
core current 

1 

Current for 
temperature- 
rise of 

27-7 deg. C. 

Total losses* 
as per¬ 
centage of 
d.c.loss 

Reactance 
at 50 cycles 
per sec. 

Sheath 
current per 
ampere of 
core current 

No plate 

• - 

amperes 

775 

109-4 

ohm 

0-00903 

volt 

0-00793 

amperes 

435 

447 

ohm 

0-00740 

ampere 

0-385 

Plate with 6-in. 

hole 

745 

121-0 

0-00910 

0-00803 

435 

453 

0-00738 

0-386 

Plate with 2-in. 

hole 

745 

125-4 

0-00909 

0-00802 

435 

471 

0-00729 

0-393 


* Including copper loss. 
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while the plate considerably increased the apparent 
resistance of the cables, the overall impedance of a 
20-ft. run was only increased by approximately 10 per 
cent for 1-sq. in. cables, with sheaths insulated, at an 
axial spacing of 7& in. The effect was less for smaller 
cables and at narrower spacings, while bonding the 
sheaths also reduced the effect of the plate. The 
absolute value of the loss in the steel is mainly a function 
of the thickness of the plate, the geometrical configura- 



(£_ of plate. 


Fig. 20.—Isothermals in steel plate. 1-sq. in. cables, 
in. axial spacing. Sheaths bonded, 630 amperes. 

Numbers on curves give temperature-rises in deg. C. 

tion of the system, and the cable current. It varies 
only slightly with size of cable. Accordingly impedance 
effects are more important with larger cables where the 
normal impedance is less. 

The heating in the steel itself was a rather more 
serious matter. The maximum temperature-rise of the 
plate occurred at the edge of the central hole, as shown 
in Fig. 20, and was unaffected by bonding the cable 
sheaths. From Figs. 21 and 22 it is seen that the 
maximum'temperature-rise of the plate was of the order 
of twice the mean core temperature-rise for 1-sq, in. 
■cables, but of the same order as the core temperature for 
ff-S-sq. in. cables. The losses by convection and radia¬ 


tion were determined for the zones of roughly uniform 
temperature given by the isothermals, utilizing the 
formula— 

P = TcJW -f h 2 0 watts per cm? 



(Current) 2 

Fig. 21.—Three single-core 1-sq. in. cables passing through 

steel plate. 

<> 

where Q — temperature-rise, lc x and lc 2 — convection and 
radiation constants respectively, the approximation in 
the second term being valid for small temperature- 
differences. Assuming ^ = 0-002 and \ = 0-0006 
(black-body), the equivalent resistance due to the plate 
was found to be 0-00018 ohm while the measured incre¬ 
ment of resistance was 0 • 00025 ohm. In view of the 



(Current) 2 

Fig. 22.—Three single-core 0-5-sq. in. cables passing through 

steel plate. 


difficulty of allowing for heat dissipated through the 
cables, the difference in the values is not .considered 
excessive. j 

In the worst case with the 1-sq. in. cables it is possible 
for the maximum temperature-rise in the steel to reach 
nearly twice that of the cable core. Outside the hottest 
zone a temperature gradient per inch of 20 per cent of 
the core temperature-rise may exist. 

Although this would not usually constitute a fire risk 
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yet the temperature gradieut might conceivably cause 
structural damage due to differential expansion, although, 
in such a case, the thermal conductivity of the surround¬ 
ing medium would alleviate the temperature-rise. To 
minimize such trouble it is suggested that at least -f in. 
clearance should be allowed between lead sheath and 
steel, that the sheaths should be bonded and that, where 
possible, the axial spacing should be not less than 6 in. 
or preferably 9 in. for cables above 0-5 sq. in. The first 
condition is fulfilled by the use of non-magnetic glands or 
bushings, the second is normal practice, while the third 
may be omitted in inconvenient cases without serious 
trouble. The problem does not arise where a non¬ 
magnetic gland plate is used in addition to non-magnetic 
glands. Smaller cables may be run in parallel for each 
phase where this economizes space. 

(iii) Cables passing through steel-rod structures. 

Research on cables passing through concrete with steel- 
rod reinforcement is still in hand, but a preliminary study 


crease of distance from the steel, and are not increased by 
increase of thickness of the steel plates, provided a certain 
thickness (usually fairly small) is exceeded. 

When single-conductor cables pass through steel 
structures the carrying capacity based on core tempera¬ 
ture and the voltage-drop are rarely affected to an 
important extent. However, the steel structures may 
be heated by large cables to temperatures which, while 
not often constituting, a fire risk, may be disadvantageous 
owing to differential expansion in the structure. 

Attention may also be drawn to the large reduction in 
carrying capacity which occurs with bonded sheaths when 
the phases are widely separated even over a short length. 

(3) CABLES IN CONDUITS AND CHASES 
(a) Small Rubber-Insulated Cables in Steel 
Conduits 

(i) General. 

In this method of running cables, one of the most 
popular for domestic wiring systems, modern conditions 


Table 5 

Test Results on Rubber-Insulated Cables in Conduits 


Size of cable, and stranding 

Size of conduit 
for two cables 

Three cables per conduit (vertical) 

Four or six cables per conduit 

Size of conduit 

Rating as percentage of that for 
two cables per conduit 

Number of cables 
and size of 
conduit 

Rating (d.c. or balanced-a.c. 
loading) as percentage of that 
for two cables per conduit 

D.C. or balanced 
a.c. loading 

Unbalanced a.c. 
loading 

Vertical 

conduits 

Horizontal 

conduits 


in. 

in. 

amperes 

amperes 


. .. A- ' 


3/ -029 (0-002 sq. in) 

* 

— 

— 

— 



67 

3/-036 (0-003 sq. in.) 

•I 

— 

— 

—• 



69 

7/-029 (0-0045 sq. in.) 

1 

— 

— 

— 



79 

r 

3 

i - 

87 

77 


81 

SO 

7/-044 (0-01 sq. in). j 

¥ 

1 

i 

86 

75 

4, 1 in. 

79 

— 

7/-052 (0-0145 sq. in.) 

i 

— 

— 

— 

4, Ij in. 

81 

79 


i 

ii 

85 

72 

— 


— 

7/-064 (0-0225 sq. in.) | 

ii 

4 

1 1 

83 

71 

— 

— 

— 

19/-052 (0-04 sq. in.) 

H 


— 

— 

4, 1| in. 

79 

81 

19/-083 (0-1 sq. in.) 

2 

2 

83 

62 

. 





involve in many cases a considerable reduction in current 
rating as compared with that permitted in the former 
I.E.E. Tables of carrying capacity, which were based 
mainly on two cables carrying direct current in a conduit 
or chase buried in plaster. A material increase in impe¬ 
dance is also often involved in present conditions. Tests 
were accordingly made on new rubber-insulated cables 
(taped and braided) supplied by C.M.A. firms to B.S.S. 
No. 7—1926,’* which were run in vertical and horizontal 
steel conduits in groups of 2 to 6 cables carrying single¬ 
phase or 3-phase alternating current or direct current. 
The tests made are summarized in Table 5. 

The conduits (welded, screwed, and black-enamelled) 
complied substantially with B.S.S. No. 31—1923 and 
were about 10 ft. long. For vertical tests they were 
installed as shown in' Fig. 23. The horizontal conduits 
were mounted by stirrups on wooden joists in a cable 

* See note on B.S.S. Nos. 7 and 480, on page 497. 


suggests that there again the problem is one applying only 
to large cables and that, as with the steel plate, the main 
risk is that of differential expansion. For example, a 
frame 4 in. square formed of f in. diameter steel rod was 
supported on a 0-75-sq. in. cable and surrounded by 
material of low thermal conductivity. The temperature- 
rise of the steel rod was again nearly twice that of the 
cable core. 

(c) Conclusions 

When cables carrying alternating current are run 
along a steel structure or a structure reinforced by steel, 
the carrying capacity is reduced (except for small cables 
run very close to the steel), and the impedance is increased. 
In severe cases, such as with steel plates, these effects are 
of such magnitude as to require taking into account in the 
determination of current rating and voltage-drop. The 
effects diminish with decrease of size of cable and in- 
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tunnel. Generally two conduits were joined by a screwed 
union to form a run of 20 ft. These conditions were 
intended to give the most severe conditions normally 
encountered in practice. The a.c. and d.c. impedances 
were measured with a Campbell-Larsen potentiometer. 
The core temperatures were measured with thermo¬ 
couples and by change of resistance, and the surface 
temperatures of the cables by resistance thermometers 
and thermocouples, as also were the internal conduit 
temperatures. The external conduit temperatures were 
measured with thermocouples, and the ambient air 
temperatures by thermometers. Tests made inside a 
blank vertical conduit failed to show any signs of a 
“ chi mn ey effect," the temperature at any given level 


Adjacent conduit 
* screen 6'distant. 


Matchboard partition. 
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(a) First series of tests. 
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Sheet asbestos wall. 

(b) Second series oi tests. 

Fig. 23.—Mounting and screening of vertical conduits. 


agreeing to within 0-2 deg. C. with the ambient air 
temperature at the same level. 


(ii) Current-carrying capacity. 

As illustrated in Figs. 24 and 25, the temperature-rise 
is proportional to the square of the current, although 
for these small temperature-rises it is difficult to dis¬ 
tinguish between different indices. The temperatures in 
a horizontal conduit were uniform along the length; in a 
vertical conduit the bottom was about 5 per cent cooler 
than the top, the carrying capacity being therefore based 
on the temperature-rise at the top of the conduit. 
Plugging the ends had no appreciable effect. 

Direct comparison upon the same conduits showed 
that for the range of cables tested there was no difference 
between the temperature-rises for direct current and 
balanced alternating current, single-phase or 3-phase. 
If, however, the alternating current is not balanced, the 
heating is greater, owing to the losses in the conduit. 
Tests were made with an arbitrary, form of unbalance in 


which three cables in a conduit were supplied with 
single-phase alternating current in series. Unbalanced 
currents will usually be rare but are liable to occur 
during change-over from direct current to alternating 



Fig. 24.—Heating curves for 19/-052-in. cables (vertical). 


current. A considerable reduction in carrying capacity 
would then result. 

Fig. 26 shows the variation of carrying capacity based 
on a temperature-rise of 11-1 deg. C. or 20 deg. F. with 
size of cable for the basic case of two cables in a conduit 
of appropriate size.* For any other temperature-rise 



Fig. 25.—Heating curves for 3/-029-in. cables (horizontal). 

9 deg. C. which may be permitted, the values shown 
must be multiplied by a factor (0/11-l) 0 ' 5 . The rating 
for vertical conduits is about 4 per cent less than for 
horizontal conduits. 

Table 5 gives the ratings for 3, 4, and 6 cables in a 

* The curves follow the law I = &.d 0 ' 5a , where I = carrying capacity, 
A = conductor section in sq. in.,& = 870 for vertical or 388 for horizontal 
conduits,- 
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conduit, expressed as a percentage of those for two 
cables of the same size. 

If the thermal resistance per core did not change with 
number of cables in the conduit, then the rating for n 



tolerances are permissible on the thermal resistivity o 
the dielectric. Again, the thermal dissipation from a 
conduit does not change rapidly with size, so that there 
is some freedom in the choice of a suitable conduit. 
Direct tests showed that a change in diameter of j m. 
altered the rating by only 2 or 3 per cent. 

(iii) Impedance. 

The a.c. impedance of cables in a conduit does not 
change appreciably with current, and provided the a.c. 
circuits were all either single-phase or balanced 3-phase 
the number of such circuits was found to have only 
a negligible effect on the impedance. Fig. 28 shows 
the impedance as compared with the d.c. resistance. 
The effect is negligible for cables smaller than 
0*02 sq. in. but rises to about 12 per cent for 
0- 1-sq. in. cables. Knowing the properties of the steel 
of the conduit and the disposition of the cables within, 
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Fig. 26.—Carrying capacity of cables in conduits and ducts. 

cables would be of that for 2 cables. Actually the 

thermal resistance decreases with number of cables, owing 
to increase in the number of heat paths in parallel and 
increase in size of conduit, so that the reduction shown 
in Fig. 27 is less. Analysis of the heat path showed that 
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the thermal resistance external to the conduit-was of the 
order of one-half the total, the thermal resistance of the 
insulation being about 15 per cent for 2 cables and 
decreasing to about 5 per cent for 6 cables. The thermal 
dissipation from horizontal conduits agreed with theory, 
details of which are given in Appendix II. Fairly wide 


u «>- — 

Nominal copper section in stpin. 

Fig. 28.— Impedance of cables in steel conduits. 

it is possible to compute the impedance from the formulae 
of the mathematical analysis of such problems already 
mentioned* While the properties of the steel are rather 
uncertain the disposition of the cables is more important. 
Accordingly, two curves are shown in Fig. 28, one 
assuming the largest possible separation and the other 
assuming the cables are as close as possible and central in 
the conduit. The increased impedance is due mainly to 
reactance, the increased resistance due to steel losses 
rarely exceeding about 1 to 2 per cent of the copper 
losses, in agreement with the temperature-rise expeii- 
ments. Test results agree better when the widest 
separation is assumed. 

(b) Cables in Horizontal Ducts 

Large cables (0* 15—0 ■ 5 sq. in. section) are fiequently 
run in buildings grouped in non-metallic ducts which are 
sometimes buried in plaster. Tests were made on cables 
run in asbestos ducts of rectangular section resting on the 
floor, and the temperature-rise was found to vary as the 
1 • 7th power of the current, indicating convection to be the 
more important mode of dissipation of heat. As in the 
* See Bibliography, (5). 
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case of similar cables run free in air, the current rating 
corresponding to a temperature-rise 6, different from the 
value 6 0 permitted in the Tenth Edition of the Wiring 
Regulations, may be calculated by multiplying the values 
given therein by (0//9 o ) 0 ' 54 within the proper limits stated 
in (1) (d) above. The mutual heating is the same as in 
steel conduits, Fig. 27, showing that the reduction of 
rating with increase in number of cables is the same for 
ducts as for conduits. Fig. 26 shows also that for 
taped and braided cables the rating differs little from 
the extrapolated law for smaller similar cables in steel 
conduits, except that the rating is somewhat higher. 
The ratings of these cables for direct current and for 
alternating current are the same within 2 per cent up 
to 0-5-sq. in. section, and this is also true for the lead- 
covered cables up to 0-4-sq. in. section, although the' 
sheaths were bonded. It was also shown that the 
electrical balance of the system was immaterial provided 
all cables were equally loaded. Thus three cables loaded 
in series gave the same rating as with a balanced 3-phase 
load. 


(c) Small Lead-Sheathed Cables 

Cables of this type are frequently run horizontally one 
above the other directly against a vertical wall, or a 
bulkhead. Such installations are included in the present 
section since they often form an alternative to cables in 
conduits. In order to simulate the most severe case the 
cables were run directly against a double asbestos wall 
with wooden battens, by means of brass saddles or metal 
clips. The sheaths were bonded at the points of support 
and were in contact throughout their length. The 
methods of measurement were the same as in previous 
tests. 

No difference was found in the rating as between 
alternating current and direct cuiTent, the core temper¬ 
ature being proportional to the square of the current in 
both cases. Table 6 shows the ratings for two cables 
run together, determined for a temperature-rise of 
27*7 deg. C. for paper-insulated and 11-1 deg. C. for 
rubber-insulated cables, compared with the I.E.E. ra tin gs 
and with the ratings given in Section (3) (a) for two rubber- 
insulated cables in a conduit. For any temperature-rise d. 


Table 6 


Lead-Sheathed Cables 


Size of cable 

' 

Insulation 

Experimental 

rating* 

Conduit rating* 
(rubber-insulated) 

I.E.E. rating* 

7/-044 (0-01 sq. in.) .. 

7/-052 (0-0145 sq. in.) 

19/• 062 (0-04 sq. in.).. 

19/- 052 (0-04 sq. in.) 

19/-072 (0-075 sq. in.) 

Rubber 
Paper 
Paper 
Rubber 
Paper - 

amperes 

29-6 

61 

118 

67 

170 

amperes 

26-2 

57 

amperes 

31 

57 

104 

64 

157 


” d 3W a “ g - C; ■*> «■*» 


Tests with ducts of 4Jin. width but with either 2in. 
or 4 in. depth showed that the rating increased with size 
of duct but that the effect did not exceed 5 per cent. 
The comparison between groups of different numbers of 
cables is made on the assumption of a constant size 
of duct. 


The a.c. impedance can be calculated from theory as 
in other cases, but it is necessary to assume a small 
average separation of about 2 mm. between sheaths 
owing to the difficulty of ensuring contact through¬ 
out the length. Sheath losses, skin effect, and proximity 
effects are small with cables of the sizes under con¬ 
sideration. 

It may be noted that the deductions drawn for the 
rubber-insulated cables as regards the equality of d.c. and 
a.c. loading, size of duct, and group reduction-factor, 
a PP i y also to paper-insulated cables. The difference be¬ 
tween the present current ratings and the original I.E.E. 
ratings corresponds roughly to the effect of burying the 
ducts in plaster or concrete, which increases the rating by 
about 10 per cent, in agreement with the earlier work of 
Melsom and Booth.* 


- A similar observation applies to steel conduits 
except that the effect of burying in plaster is rather greater. In view of this th 
ratings have not been reduced in the Tenth Edition of the Wiring Regulations. 


different from the value 6 0 permitted in the Tenth 
Edition of the Wiring Regulations, the ratings given 
in Table 6 must be multiplied by a factor ( 6/6 0 )°‘ 6 . As 
is to be expected, the rubber-insulated ratings are rather 
higher when lead sheaths are used than with a conduit 
system, while the new determinations for paper-insulated 
cables also give higher values. 

Since the thermal resistance of the conduit to air is no 
longer interposed in the heat path for all the cables, the 
effect of a multiple row of lead-sheathed cables is less than 
with conduits. The lowest cables are cooler but the 
middle and upper cables have about the same tempera¬ 
ture, and the rating is based on the upper cables. It was 
then found that with a group of 4 cables the rating was re¬ 
duced to 87 per cent of the value for two cables, and with 
a group, of 6 (direct current, 3 circuits of single-phase 
alternating current, or 2 circuits of 3-phase alternating 
current) the rating was 83 per cent. The same ratings 
may be used for cables on steel bulkheads in ships 
since the steel will, if anything, increase the rating owing 
to superior thermal dissipation. 

The impedance of the cables can be calculated from the 
already-established theory for sheath losses and line 
constants. It is only in the largest sizes considered in 
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this Section that the a.c. impedance differs materially 
from the d.c. resistance. The effect on the impedance 
of a steel bulkhead in ships follows the laws enunciated in 
a previous Section. 


allowed for the rubber-insulated cables often connected 
to them by clamps, the insulation of such cables is 
exposed to an excessive temperature near the clamp, 
although the latter reduces the temperature of the rod in 


’ Table 7 


Bare Copper Rods 



Rating based on temperature-rise of:— 

Diameter of rod 

55-5 deg. C. 

30 de 

g. c. 

; 30 deg. C. 

(Melsom and Booth)* 


Single-phase 
(2 rods) 

3-phase 
(3 rods) 

Single-phase 
(2 rods) 

3-phase 
(3 rods) 

Free in air 

in. 

§ 

amperes 

230 

amperes 

230 

amperes 

170 

amperes 

170 

amperes 

159-170 

-I 

430 

400 

340 

320 

330-352 

i 

800 

700 

650 

590 

648-691 


* Journal I.E.E., 1924, vol. 02, p. 909. The values quoted here are 20-25 per cent lower than those given in the paper 
itself, which describes tests made on rods painted dull black. 


(d) Bare Conductors in Chases, and Rubber- 
Insulated Cables Connected Thereto 
The installation of bare conductors in ducts for the 
purpose of electrical distribution to the various floors or 
sub-circuits is a recent development in building practice, 
and it was accordingly necessary to deal with this in the 
Tenth Edition of the Wiring Regulations. Tests were 
therefore made on common sizes of hard-drawn unpainted 
copper rod fin., f in., and 1 in. in diameter to determine 
the current rating when mounted in a vertical chase 
(11 in. wide, 5 in. deep), using wooden cleats at 5 ft. 
intervals which gave an axial spacing of Sin. As 
anticipated the temperature-rise followed the convection 


its neighbourhood. As an example, the temperature dis¬ 
tribution along 7/ - 052-in. rubber-insulated cables con¬ 
nected to f-in. copper rods loaded for a maximum 
temperature-rise of 55*5 deg. C. is given in Table 8. 
Results with other combinations were similar, and it was 
deduced that if special measures were taken as regards 
the insulation within 15 in.* of the clamps, the rubber- 
insulated cables would not be exposed to excessive tem¬ 
peratures outside this zone. 

(e) Cables in Long Vertical Chases 

Although certain regulations such as those of the 
L.C.C.f enact, in some circumstances, that a cable duct 


Table 8 


Temperature-Rises of Rubber-Insulated Cables Connected to Bare Rods 


Distance from clamp 

Cable unloaded 

Cable loaded 

Single-phase 

3-phase 

Single-phase 
(37 amperes) 

3-phase 
(32 amperes) 

in. 

deg. C. 

deg. C. 

deg. C. 

deg. C. 

i 

37 

38 

40 

40 

3 

28 

30 

34 

34 

6 

19 

19 

25 

24 

9 

8 

8 

15 

14 

12 

3 

3 

10 

8 

18 

<1 

<1 

7 

6 


law, being proportional to the 1 * 6th power of the current. 
The ratings based on temperature-rises (measured at the 
hottest part of the rods) of both 55*5 deg. C. (1.00 deg. F.) 
and 30 deg. C. above ambient outside the chase, are 
given in Table 7. 

Owing to the large temperature-rise allowed for these 
rods, 55*5 deg. C. as compared with the 11*1 deg. C. 


shall be stopped at any point where it passes through a 
fire-resisting wall or floor, so as to prevent the passage 
of fire or smoke from one section of the duct to another. 


* This distance would be reduced if a higher temperature-rise than 11*1 deg. C. 

^ F 1 1 ations 1- 'and 1 Rufes regard, to Structural Requirements as 

U rf£, hIKTSiSmS vmtttaelg .»4 Mechanical In.talMtaa- 
Pntprt.ainment.” 
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yet cases occur where existing or special shafts are used 
for the passage of rising mains. This leads to the 
possibility of the collection of hot air towards the top of 
the shaft or duct accompanied by temperatures in excess 
of those normally encountered. 

The problem is one of the variation of ambient tempera¬ 
ture, and tests were made on an asbestos chase 60 ft. long, 
18 in. wide, and either 9 or 16 in.-deep, containing six 
0 • 5-sq. in. paper-insulated plain lead-sheathed cables 
fixed therein by wooden cleats arranged asymmetrically 
so as to touch one side of the chase and to leave a 2-in. 
gap on the other side. The axial spacing of the cables 
was 2 in. except that for the centre pair, which was 3 in. 
Fig. 29 shows the temperature variation for a chase 
stopped at the top only. Fig. 30 shows the variation 



Distance from top of chase, in feet., 

Fig. 29.—Temperature variation along a chase stopped at the 
top only. Current, 472 amperes. 


when a chase is stopped at the top and also 10 ft. from 
the bottom, corresponding to a fire-resisting floor, while 
Fig. 31 shows the variation when a chase is open through¬ 
out. The temperature gradient, as is to be expected, is 
steepest near an open bottom or closed top end, the 
intermediate gradient being less and not so much affected 
by the ends, being of the order of 0 -1 to 0-2 deg. C. per 
foot at 472 amperes under all test conditions. The 
proximity of cool air causes a slight fall of temperature 
near the top, if open. As with ducts and chases 
generally, the temperature-rise is proportional to the 
1 • 6th power of the current (following the convection law), 
while the depth of chases of the size considered was not 
found to be material. 

The temperature variations both along the sheath and 



Fig. 30.—Temperature variation along a chase stopped both at 
the top and 10 ft. from the bottom. Current, 472 amperes. 


in the air inside the chase increase with but are not pro¬ 
portional to the length. If a stopping is introduced the 
temperature immediately below it is considerably in¬ 
creased, but the temperatures above are not greatly 
affected. Accordingly, in considering the effect on the 
rating, the maximum temperature variation along the 



Fig. 31.—Temperature variation along a chase open through¬ 
out. Current, 472 amperes. 
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sheath can be taken and. it can be assumed that the 
effective ambient temperature is raised by this amount. 
In the present case this variation did not exceed 15 deg. 
C., neglecting’the extreme lower end. 


less than 0-lsq. in. installed under any condition, 
n — 0 • 5, while for larger cables n may be taken as 
0-54, provided that 0/0 o is not less than 0 • 56 nor greater 
than 1*8. 

ACKNOWLEDGMENTS 


(f) Conclusions 

(i) The former I.E.E. current ratings based on the 
work of Melsom and Booth give in some instances (sur¬ 
face conduits and ducts) higher values than those deter¬ 
mined experimentally, and in other instances (surface 
wiring systems) lower values than those found experi¬ 
mentally. Accordingly, since the conduit and duct test 
conditions were somewhat severe, the original figures 
may be said to have been confirmed as an average for con¬ 
duit, casing, duct, or troughing systems of.wiring and also 
for surface or * ‘ bunched and open ’ ’ systems. The differ¬ 
ences of other cases from this average are relatively small. 

(ii) Where more than two cables are so run a reduction 
factor must be applied according to the number. These 
factors do not vary greatly as between the different 
systems so that it is possible to adopt, as in the Tenth 
Edition of the Wiring Regulations, general average 
reduction factors for 4, 6, and 10 cables (or their equiva¬ 
lent), viz. 80 per cent, 70 per cent, and 60 per cent 
respectively. The reduction factor for six cables may 
also be applied to obtain the current rating of one 3- 
or 4-core cable from that of two single-core cables of 
the same size. 

(iii) For the sizes considered, namely, up to 0-5 sq. in. 
for 2 or 4 cables, up to 0 • 25 sq. in. for 6 cables, and up to 
0-15 scp in. for 10 cables, the d.c. and balanced-a.c. 
ratings may be taken as the same. With steel conduits 
a lack of balance in an a.c. system may cause a material 
reduction in the carrying capacity. 

(iv) The carrying capacity based on temperature-rise 
may be deduced theoretically, and is in reasonable agree¬ 
ment with experiment; but, owing to variation in con¬ 
ditions, it is unwise to rely upon theoretical results. 
The impedance or voltage-drop is in satisfactory, agree¬ 
ment with theory in the absence of ferrous material and 
also in its presence, subject to certain assumptions. 

(v) Bare copper rods may be run at a higher tempera¬ 
ture than insulated cables, and have higher ratings. . If 
rubber-insulated cables are connected thereto, excessive 
heating of the insulation need only be anticipated within 

a short distance of the joint. , 

(vi) The I.E.E. Wiring Regulations allow a margin of 
safety as regards ambient temperature which would cover 
the variation in temperature in vertical chases. The loss 
of this margin of safety cannot generally be recommended, 
and a reduction in carrying capacity may. have to be 
considered on this account. The use of intermediate 
stoppings, as prescribed by some authorities, is not 
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APPENDIX I 

Impedance of Single-Conductor Cables 

The resistance R of a single-conductor cable is given by 

R = R 0 (l + y -f j/i + Vz) +E a +R x 

where— 

B 0 — d.c. resistance; 

y — skin effect, for which values have been given by 
Arnold ;* 

y = proximity effect, for which values have been given 
1 by Arnold* (which may be modified by 
presence of steel); 

y — ratio of sheath losses to copper losses, for which 
values have been given by Amoldf and by 
Wedmore, Morgan, and Whitehead,£ the two 
methods giving the same results; 
jg i — phase transference of power, f J which is modified 
by steel as shown in this paper; 
jfj _ jogs in neighbouring bodies such as steel plate or 
conduit, and may be determined by the method 
indicated by Whitehead.§ 


necessarily a cure. 

(vii) The carrying capacity of cables in conduits, 
chases, ducts, on walls, etc., may be expressed approxi¬ 
mately as 7cA°' 59 amperes, where A is the cross-section m 
sq. in. and h is a factor depending on the method of 
installation and the number and nature of the cables. 

(viii) The current rating corresponding to a core 
temperature-rise 6 may be calculated from the current 
which will produce any other core temperature-rise # 0 , by 
multiplying the latter by a factor (6/d 0 J. For cables of 


The reactance X is similarly given by 

X = Xc H- X 0 -j- X A -j- X x -E-b 


where— 

X c = internal self-inductance, given by Wedmore, 
Morgan, and Whitehead; J 


'oft RiWineraDhv (71 1 the proximity eBectfor 3 cables, based on Costello’s 

ES& *-• - t SET* E - R - A - ns*. <»■ 
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X Q — normal inductance between thin conductors in 
same position; 

Xjl — phase transference of reactive power, given by 
Arnold* and by Wedmore, Morgan, and White- 
head, f which maybe modified by the presence 
of steel as shown in this paper; 

X% — inductance due to the presence of magnetic 
material such as steel plate or conduit, which 
may be determined by the method indicated 
by Whitehead.! 

Xfi — decrease of inductance due to bonding the 
sheaths,*! which may be modified by steel as 
shown in this paper. 


APPENDIX II 

Theoretical Determination of Current- 
Carrying Capacity 

It has been shown that usually where there is an 
energy loss in a neighbouring body, the resultant heating 
does not greatly affect the temperature-rise of the cable 
itself except in special circumstances. 

Thus if G 0 is the thermal resistance of the core to sheath 
or covering and if G' is the thermal resistance from the 
outside to the ambient medium, then the temperature- 
rise 9 of the core is given by— 

6 = G 0 B 0 ( 1 + y + yjl* + G'R 0 (1 -f y + y 1 + yjl 2 . (1) 

If I is the rated current and 8 the standard tempera¬ 
ture-rise— 

I = [0/jR o |Cr o (l + y + 24 ) + G'{ 1 + y -f- y x + • ( 2 ) 

G q may easily be calculated from standard formulae. 
For an isolated conductor free in air— 

G' = 1 /(kjBW + k 2 ) .... (3) 

where 7^ is the convection constant for cylinders and k 2 
is the constant for radiation and conduction, being 
0-0006 watt per cm? for black-body radiation alone. 

In the case of a cable with sheath losses and appreciable 
thermal resistance of the insulation— 

O' = Wi' 4 + h) 

and 

fL_ 1== Sa/,_ y% 

8s i + y + y± + i /2 

where 6 S is the temperature-rise of the cable surface. 

For n cables in a conduit or duct, G' must be replaced 
by nG'. 

Some particular cases can be simplified. For cables 
run in air on cleats the thermal dissipation is given 
approximately by kdf 4 ', where k is a constant depending 
on the size of cable, the number of cables, and their 
relative disposition. Accordingly— 

G' — l/(7e@g /4 ) . . . , . (5) 

Only a small error will result in G' for a much larger 
error in 8 S , so that it is possible to employ general mean 

* See Bibliography, (2). t Ibid., (4). 

t Ibid., (6). 


values for 8 S in determining G', whence the rating can 
be found from equation (2). For a core temperature- 
rise of 28 deg. C„ 9 S may be taken as 22-5 deg. C., and 
for a core temperature-rise of 11 deg. C. as 8-5 deg. C. 
The constant k has been determined for a wide range of 
cable types and conditions in some work carried out 
subsequent to the main investigations described in the 
present paper. For two cables run along a wall k 
varies between 0-0004 and 0-00051 watt per cm? per 
deg. C., and between 0-00037 and 0-0005 watt per cm? 
per deg. C. for three cables similarly run, the range of 
sizes being from 1-16 to 4-5 cm. overall diameter. 

In the case of rubber-insulated cables, there is good 
agreement between the measured and calculated values of 
current ratings. The results of the tests on lead-sheated, 
paper-insulated cables show that there is appreciable 
difference in the current ratings with the sheaths in bright 
and black conditions, the measured ratings being approxi¬ 
mately those for the bright condition. 

Similar observations apply to cables in conduits where 
also y 2 is zero and y 1 and y may be neglected. Thus 
equation (2) becomes 

I =. [6/B q (G 0 H- nG')] 1,Z ... (6) 

But 

= + . . . . . • (7) 

where 

G'i — thermal resistance from cable to conduit, and 

Crg = thermal resistance from conduit to ambient air. 

The quantity G[ is variable, but as G{ forms only about 
30 per cent of the total a reasonable error is permissible. 
Experiments gave values ranging from 0-15 thermal 
ohm per cm. for 1^-in. conduits. This thermal resis¬ 
tance decreases to some extent as the number of cables 
is increased. The quantity G% is given by 

G'z = l/(7^ c 1/4 + lc 2 ) . . . . (8) 

where 6 e , the temperature-rise of the conduit, may be 
taken as 5-5 deg. C. for vertical or 4-5 deg. C. for hori¬ 
zontal conduits, while and k 2 have already been 
defined. In practice, however, the empirical formula 
quoted in the footnote on page 510 gives better agree¬ 
ment with experiment than separate evaluation of the 
heat paths, since some of the variations of different 
portions of the heat path tend to compensate so as to give 
a smaller overall variation in the total temperature-rise. 
In addition the empirical formula is roughly valid for 
cables in ducts and chases. 

It is important to note that, irrespective of the mode of 
installation, the ratio of the d.c. to the a.c. carrying 
capacity, excluding sheath losses, must be i/(l + y + y^). 
For all types of installations considered the sheath losses 
are always small for cables up to 0-1 sq. in., for which 
sizes y and y x are also negligible. Thus there is no 
difference between a.c. and d.c. ratings up to 0 -1 sq. in. 
For cables without lead sheaths or run bunched together 
so that the sheath losses are small, the a.c. and d.c. 
ratings will only differ where y + y 1 is appreciable, 
namely for cables of 0 * 5 sq. in. and above. 


[The discussion on this paper will be found on page 557.] 
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SUMMARY 

The developments in cubic practice since the previons 
rating tables were issued* are 

their effect on current rating or carrying CB ,? ta ' 0 i cs are 

basis of the new rating tables is ^ es “‘“' a J^ ting 0 f cables 
given, together with means for calculating the rating 

installed in any of the usual mode s. 

LIST OF PRINCIPAL SYMBOLS 

1 = current (rating). 
i = sheath current. 

G = total thermal resistance. 

q' = internal thermal resistance per core. 

G s = thermal resistance of serving, etc. 

G, = thermal resistance of soil. . . 

G' e = thermal resistance of soil with grouped cable . 

G a = thermal resistance of air. 

Q d = thermal resistance of duct. 

G = thermal resistance outside duct. 

S = thermal capacity of cable. 

,S e = thermal capacity of soil. 
li = thermal resistivity of dielectric 


*1' 
9 ■ 
9d 
D 
d 


r 

l 

U 

s 


tnermai resisuvn,j - 

thermal resistivity of serving, bedding, etc. 

thermal resistivity of soil. 

thermal resistivity of duct material, 
diffusivity of soil. 

diameter of cable over lead unless otherwise 

specified. * 

radius of conductor, 
depth to axis of cable or duct, 
overall radius of cable. 

s = axial spacing of conductors. . 

o = axial displacement of conductor from axis of 
cable or axial displacement of cable from axis 

of duct. , 

R = resistance of conductor m ohms/cm at th 

temperature specified. 

R s = resistance of sheath in 
temperature specified. 
r a = resistance of armour in 
temperature specified. 
m = co/Bg 10 9 . 

= o)/i?j.l0 9 . 

n —= effective permeability of armour. 

-n = hysteresis constant of armour. 
y b skin effect increment. 
y = proximity effect increment, 

* See Bibliography, (1) and (2). 

Von. 83. 


ohms/cm at the 
ohms/cm at the 


LIST OF PRINCIPAL SYMBOLS 
A = sheath loss ratio. 

Aj = armour loss ratio. 

0 = current temperature. 
fl = highest temperature in section. _ 
e = maximum permissible temperature-rise of core 
9° = maximum permissible temperature-rise of 
sheath or surface. 
lc = dsld 0 

h = 0' e /G e . .. 

Ji = thermal dissipation constant m an. 

t = time. 

W — energy generated. 
p = Heaviside’s operator. 

1 = Heaviside’s unit function. 

(1) GENERAL CONDITIONS 
(a) Modern Developments 
The work previously reported to The Institution* mrd 
on which rating tables published by the E.R.A. 
based, covered single-core and belted n^lti-core ca^es 
of the sizes then envisaged when loaded . 

current, although alternating current «> 
covered in addition. Since that time a considerable 
body of new data has been obtained and new mediods 
introduced. The use of alternating current has involved 
the consideration of skin effect, proximity effect elieat 
losses and armour losses, particularly with large 
cables Although in effect the same standar va u 
for £e therm/resistivity of the soil is still employed 
a large amount of new information, showing the 
variation with soil type, season, and depthhas teen 
obtained and direct methods of ^urenKrt mtao 
duced The thermal resistivity of the dielectrics has 

been fixed while the use of shaped cores and seined 

and S.L. type , cables has involved a ^econsiderat ^ 
of the internal thermal resistance. Ccrtam^pectfL 
Hmes of intermittent loading are now recognized. 
Work on ducts has been extended and placedl on 
quantitative theoretical basis. A eomprehensiv ^ 
of thermal dissipation constants for ca 
been derived. The effect of short sections of a cable-: 

has been considered. ^nn-Hnc* 

The present report gives these newresu. > T 
also the P previous work, such that the basis is 
of the new rating tables, and means are given for calculat 

* Seo Bibliography, (1), (3). ( 4 )> and (5). ^ 

f 517 1 
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ing the rating of cables installed in a non-standard 
fashion. In general, results either well known or probably 
to be published later independently, are only briefly 
quoted, new work with which the authors have been 
particularly associated being given in more detail. 

(b) Mode of Laying 

Cables for long-distance transmission of power or 
forming part of a distribution network in an urban or 
rural district are laid underground. They may be buried 
direct in the soil or drawn into ducts, the former method 
effecting some saving in initial cost but the latter afford¬ 
ing flexibility, e.g. phase isolation with single-core cables, 
and (if surplus duct-ways are provided initially) facility 
for expansion of the system without further excavation. 


determines this limit, while for impregnated-paper 
cables it depends upon the temperature at which move¬ 
ment of the compound will occur. A further factor 
which must be considered is the fluctuation of tempera¬ 
ture over the load cycle, since the mechanical stresses 
set up by this may be deleterious to the cable sheath 
and joints and, directly or indirectly, to the dielectric. 
This is of particular importance where unarmoured 
cables are laid in ducts. For this condition the per¬ 
missible temperature is lower than for other methods 
of installation and is independent of operating voltage. 
The maximum permissible core temperature thus depends 
upon the nature of the dielectric, operating voltage, 
method of installation, and protective covering. Proposed 
values applying to this country are given in Table 1. 


Table 1 


Dielectric, finish, and mode of installation 

Voltage 

Type 

Maximum permissible 
core temperature 

Rubber-insulated, taped or braided or 
plain lead-covered, in buildings 

Up to 1 000 V 

Single or twin-core, concentric 
or multi-core 

120° F. (49° C.) 

Impregnated-paper-, jute-, or varnished- 
cambric-insulated, plain lead-covered 
or (where permissible) wire-armoured, in 
buildings 

Up to 1 000 V 

Single or twin-core, concentric 
or multi-core 

160° F. (71° C.) 

Impregnated-paper-insulated, lead-covered, 
with or without wire armour in air or 
laid direct in the ground or (wire-ar¬ 
moured only) drawn into ducts 

Up to 10 lcV 

10 kV 

20 kV 

20 kV 

All types excluding 10-kV twin- 
and multi-core belted 

Twin and multi-core belted 

All types excluding 20-kV multi¬ 
core belted 

Multi-core belted 

(E.R.A.) 

70° C. 

(35° C. 

65° C. 

55° C. 

Impregnated-paper-insulated, plain lead- 
covered, drawn into ducts 

All voltages 

All types 

50° C. 


For certain purposes, as in railway practice and for short 
external runs between large buildings, cables may be 
installed on racks or otherwise supported in air. 

For the internal electrical equipment of buildings, 
the most common method of installation is by drawing 
cables into conduits or employing surface wiring systems, 
but wooden troughing is still used to some extent. 
Cables up to quite large sizes may be run free in air 
attached by cleats to the walls or rafters. In large 
modern buildings duct-ways and chases are often pro¬ 
vided in the walls and floors for the wiring and for the 
installation of bare conductors for heavy current distri¬ 
bution. Internal installation will be referred to only 
briefly, however, in the present paper, having been fully 
dealt with elsewhere.* 

(c) Temperature Limits 

(i) Maximum Core Temperature: 

The limiting core temperature is fixed by the maxi¬ 
mum temperature at which the dielectric can be operated 
without deterioration over a long period. In the case 
of rubber-insulated cables, oxidation of the dielectric 

* See Bibliography, (6). 


(ii) Ambient Temperature. 

The ambient temperature at any situation in which 
cables are installed or are to be installed is defined as 
the temperature which would obtain in this situation 
under normal operating conditions, but excluding any 
increase of temperature in the immediate neighbourhood 
of the cables which may be due to the heat arising from 
them. Accepted values for this country which will not 
normally be exceeded are 90° F. (32-2° C.) applicable to 
cables installed in buildings, 25° C. for cables run in air, 
and 15 C. (soil temperature) for cables laid direct in the 
ground or drawn into ducts. 

(iii) Core Temperature-Rise. 

The maximum permissible core temperature-rise is 
the difference between the maximum permissible core 
temperature and the ambient temperature, and deter¬ 
mines the current-carrying capacity of the cable.* 
Should the normal limit of ambient temperature be 
exceeded, the permissible core temperature-rise (and 
consequently the cable rating) will be reduced. If the 

drop EXCePt m S ° far aS this may be further limited by the permissible voltage- 
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normal temperature-rise 6 is so reduced to 8' the cable 
rating is reduced by the factor {d'ld) n , where n is 0-5 for 
cables in the ground or in ducts and 0 • 54 for cables in 
air. In general it is not safe to up-rate the cable for 
ambient temperatures lower than normal, as any increase 
in the core temperature-rise may contribute to deteriora¬ 
tion of the cable, owing to cycles of thermal expansion, 
even though the limiting core temperature is not exceeded. 

(d) Basic Formulae 

Let 9° C. be the maximum permissible temperature- 
rise of the cable as determined from Section (c). Let R 
be the a.c. or d.c. resistance at the full temperature of each 
loaded core of the cable, in ohms/cm. The heat generated 
in the core flows through the internal thermal resistance 
of the insulation of the cable denoted by G' °C. per 
watt per cm. per loaded core. Additional heat may be 
generated in the sheath and armour by a.c. losses 
therein. The total heat generated then flows through 
the thermal resistance G s of the serving, etc., and then 
either through the thermal resistance of the soil G e , or 
partly through duct and soil, to the surface of the ground, 
which may with sufficient accuracy be taken as an 
isothermal at the ambient temperature. If the cable 
is run in air then a similar thermal resistance G A may be 
determined as the inverse of the rate of thermal dissi¬ 
pation by convection, conduction, and radiation to the 
ambient atmosphere. The rating I of the cable in 
amperes is then 

I — ^9/R^G' + n(G s + G e ) (1 -f- A) j>]^ - (1) 

replacing G e by G A where appropriate, n is the number 
of loaded cores and XR represents the energy losses m 
sheath and armour in watts per amp? per loaded core 
per cm.* 

(e) Skin and Proximity Effects 
With alternating current R may be represented by 

R — I? 0 (l +2/ -f" 2/x) • • * * ^ 

where R {) — d.c. resistance, y = skin-effect factor, and 
y = proximity-effect factor. Although not strictly 
independent, y and y t are conveniently dealt with separ¬ 
ately. The theoretical value of y for solid conductors 
has been shown by Arnold ]■ to be applicable to stianded 
conductors of the type here envisaged. Thus, 


These formulae are sufficiently accurate for cable-rating 
calculations even when applied to multi-conductor cables, 
but Arnold has also given more accurate formulae intro¬ 
ducing the effect of resistance between strands on 
proximity effect, by means of a further parameter 
x-y — x\/p, where p depends upon the interstrand resis¬ 
tance. Thus for a solid conductor p is unity, while for 
cables with stranded conductors in practice p is 0 • 8 and 
an interstrand resistance greater than normal can be 
allowed for by a value of p less than 0 • 8. These formulae 
are referred to in the discussion and are quoted in the 
footnote* for convenience. For 4-core cables, when, as 
is usually presumed, the load is balanced and the fourth 
core idle, the same value of y 1 as for 3-core cables may be 
used. Some curves of y and jq for typical cables are 
shown in Fig. 1; the effect on current rating is not im¬ 
portant for cables having a conductor cross-section less 
than 0 • 2 or 0 • 3 sq. in. 



Fig. 1. —Skin and proximity effects. 


(f) Sheath Losses 


x{berxbei'x — beix ber'x) j. 

1 y ~ 2x) z -j- {bei'x)^ 

where x = V(4m/E 0 .10 9 ). Bar and bei are the modified 
Bessel functions developed by Kelvin. The factor y 
has been tabulated for the required range. Arnold]: has 
shown experimentally that for conductors at a moderate 
spacing such as occurs with systems of 2 or 3 single-con¬ 
ductor cables laid together, a very simple formula may be 
used for the proximity effect:— 

= a?y (single-phase); y x — 1 • 5 cfiy (three-phase) . . (2.2) 
where a = 2 rfs, r — radius of conductor, and s = axial 
spacing between conductors. 


* It is shown that the losses are usually proportional to I 2 
t See Bibliography, (7) and (8). 


t Loc. tit. 


A number of papers on sheath losses in single-core 
cables have been published, so that it is only necessary 
to quote the formulae for the cases taken in rating 
tables, namely, two or three cables in a plane or three 


* See Bibliography, (7), (8), and (9). 

For two conductors carrying single-phase current: 

_ aW[%i) 

Vl ~ 1 — a.%A&i) — <x l B(x i) 


For three conductors carrying 3-phase current:— 

_ (3/g)a2 gfoi ) 
2/1 ~ S F(%i) 
24 '<?(%) 


x her x her'® + bei x bci'a; xZ(%) 

£?(*) — j - ber a ® + bai 2 x 4 Jl(x) 


here F(x) is the function gmng the slun effect y, and 

rflned by Russell (see “ Alternating Cuirents, vol. i). The functions* [X), 
!{z) A(x), and B(x), have been tabulated by Arnold [see Bibliography, (8JJ. 
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cables in trefoil formation, the sheaths being bonded in all 
cases. The formulae are quoted from the paper by Wed- 
more, Morgan, and Whitehead,* but are essentially similar 
to those given by Arnold f and Carter. J 

2 cables in a plane :— 

X = 4qr(log 2- 52g/d) 2 lQ— 18 ( moo (d/2s) 2 

R ^+4oi 2 (log 2 • 52s/d) 2 I0- 18 + Jt(l + m 2 ) 

3 cables in a plane :—§ 

t 4q; 2 (log 2-52s/d) 2 IQ— 18 ( 3mco(df2s) z 

R R 'i + 4w 2 (log 2 • 52s/d) 2 10 - :18+ ~R( 1+ m 2 ) (3-2) 


important for cables of conductor section greater than 
0-2 sq. in.; three cables are supposed to be run in trefoil. 

The following approximations to Carter’s formulae* 
have been found satisfactory for the eddy losses in the 
sheaths of twin- and multi-core cables: 


(3.1) 


Twin cables :— 
^ 4 Tt s 

a 


m 2 /2c\ 2 

1 -j- m 2 \ d ) 


i + lltf 

4\d) 


A = 



°’ 4 0-6 0-8 1-0 , 2 H 
ross sectional area of conductor, in sq. ins, 

Fig. 2 .—Sheath losses. 

3 cables in trefoil :— 

* : » __ 4cu 2 (log 2.?/<j) 2 -i0-i 8 ^ 3mco(d/2s) 2 

■ R + 4 W 2 (log 2sld) 2 l0~^ ' • (3-3) 


c m bMT a L s ri“ g “ c t d =aiameter in 

" x f ’ * "“Stance of sheath in ohm/cm.; 


m 


cu/io’a,. 

eqUati ° n applies aIso to S.L. type cables 
-fig. 2 shows some tvnical . lUies - 

•seeBibiioffiiphy.po,, t , m ' «ng only 





Size of cable, sq. in. 

Ratio of nxting with trans¬ 

Up to 
0-3 

0-3 and 
0-4 

0-5 

0-75 

1-00 

1*25 and 
1*50 

position to rating without 

1-00 j 

1-01 

1-02 I 

1-04 

■ 

1-06 

1*07 


Three-core cables > 
^ __ 16i? s 




/2c\ 2 


■ 


(3.4) 


(3.5) 


51? 1 -f m 2 V d / ' 

c = axial distance of conductor from centre of cable. 
The magnitude of the sheath losses in multi-core cables 
is not usually important for cables having a conductor 
section less than 0-3 sq. in. as in Fig. 2, while the effect 
on rating is small up to 0* 5 sq. in. 

(g) Losses in Armouring 
With armoured cables the factor A of Section (j) must 
be increased by the addition of a similar factor A,, to 
take into account the energy losses in the armour. 
Owing to the heavy losses involved, single-core cables 
armoured with magnetic material should not be employed 
on alternating current. Non-magnetic armouring may be 
employed, and its effect may be represented largely by a 
decrease m the effective resistance of the sheath and a 
change m its dimensions. Details of such cases are given 
m Appends 1 since they are outside the scope of the 
ating tables. It may be noted that, although up to a 

ad f lt: ° n of n on-magnetic armour, increases the 
losses, yet, when its resistance is sufficiently low, it has the 
effect of reducing the sheath losses, but this advantage 
is more than offset by the cost. g 

in th ® arm ° ur of multi-core cables is due partly 
term bLi^T T," 11 ^" 37 ' 17 t0 hysteresi!5 ’ the f <™r 

° em S usually the more important. The theory 
2 is dea,t with fa a “ 1 “ d ££ 




r2c\ 2 


*2 
mi 


5 M \d-^J 1 -j- m 2 


+ 


10 - 


~ 7 8cor) 


ltd . 


d. 


1 •2 cfi 


{i + H/ay} 




0l , arm ° ur; 8 ” of armour; 

;‘i resistancein ohm/cm.; m, = w/WS ,; „ = hvsteresif 
loss m ergs per cm 3 ner ra , w . ' A ‘. y iClesib 

meability. ' P g * R “ maximum per- 

on^'cable^anTn 6 ™° ured cables agreement with tests 
cables and on the wires has been obtained on 

assumption that r; is 0-001 and that „ th 

values aifVmu^ .: na tnat M 1S 300, as mean 

practice xlt? considerable dispersion occurs i n 
“ T 6StS Were made at ‘he N.P.L. with 1-sq. in 
1 1V ’ 3-core wire-armoured cable before -mfl 
removal of the armom-ino- mn m Dei °re and after 

so found was 0-28^ a7 enn ^ dlfference m the losses 
T y.__ as u at 200 amperes and 0-28n at finn 

amperes, expressed as ratine ^ , ; » at 600 

losses -t-n ra hos to the ohmic conductor 

e conductor temperature was greater 

* See Bibliography, ( 12 ). 
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(72° C.) in the second case than in the first (20° C.), the 
armour losses per (ampere) 2 would appear to increase 
with the current but only in the same ratio as the 
ohmic losses. The calculated value as in Table 3 was 
less than the measured but only by an amount which 
would be negligible as regards the rating. 

For steel-tape armour the same formula should hold 
but the value of jx may be very great. Actually the 
hysteresis term does not change much with increase 
of /x when [x is large, since it tends to an asymptotic 
value. Accordingly a large value of /x, 5 000, was 
chosen and it was then found that the ratings of wire- 
and tape-armoured cables differed by less than 1 per 
cent up to 0 • 5 sq. in. and probably is less than 2 per cent 
for the largest sizes. The same ratings were therefore 
adopted both for single wire-armoured and steel-tape- 
armoured cables. 

With S.L.-type cables account must be taken of the 
screening effect of the sheath currents which are in 


corresponding ratings set out elsewhere.* The group 
rating factor used is given by the expression 

V[l/(1 — k + /c x fc)] .... (5) 

where k = d s jd e , and k x = G' e [G e , the ratio of the external 
thermal resistance of the cable in question when it forms 
one of the group considered, to that when it is isolated, 
calculated from the formula given later. For rating 
purposes, however, the term k x is taken as unity for a 
complete system of cables. Thus for concentric and 
multi-core cables it applies to a single cable, but for 
single-core cables it applies to two cables carrying d.c. 
or single-phase a.c. load, or three cables carrying a 
balanced 3-phase load. Thus in determining k x for single¬ 
core cables, the external thermal resistance for the 
appropriate number and configuration of cables consti¬ 
tuting the system must first be determined by the 
method set out in the paper, before calculating the 
group rating factor. 


£ 


Table 3 

Three-Core Circular-Conductor Cables. Core Temperature, 70° C. Calculated Values 


Size, sq. in. 

Voltage, kV 

Wire-Armoured 

Steel-Tape-Armoured 

' Eddy 

Hysteresis 

Total 

Eddy 

Hysteresis 

Total 

o-15 '1 



0-0059 

0-007 

0-0129 

0-0048 

0-0095 

0-0143 

0-50 ' 


1 

0-039 

0-035 

0-074 

0-031 

0-051 

0-082 

I-00 



0-202 

0-077 

0-279 

0-196 

0-143 

0-339 

0-04' 



0-0012 

0-0019 

0-0031 

0-00095 

0-0024 

0-0034 

0-15 


10 

0-0074 

O'-0087 

0-0161 

0-0060 

0-012 

U - 018 

0-50 



0-044 

0-040 

0-084 

0-052 

0-041 

0-093 


substantial opposition to the phase currents. The net 
current causing armour losses is, where i is the sheath 
current, 


I 




jcx)M \ 

R s -f jojMj 


IR S 

R s -f jcoM 


(4.1) 


The effective square current is thus I 2 R 2 J(R 2 + aPM 2 ) , 
which, since M is 2 log {2s/d).10~ d , is I 2 (l - A). Thus 
the armour losses with S.L.-type cables must be multi¬ 
plied by the reduction factor (1 — A). 

The armour losses in multi-core cables of normal type 
are not of importance from the rating point of view for 
conductor sections less than 0-3 sq. in. 


(h) Grouped Cables 

Cables are frequently laid in groups. For ducts this 
is taken into account since the duct is considered as a 
whole, while for cables in air the thermal-dissipation 
constants- include mutual heating effects. For groups 
of cables laid direct the current rating of any one of 
them is lower than that of the same cable when isolated, 
since the external thermal resistance is increased. A 
convenient way of expressing the effect is by group 
rating factors. Such factors have been calculated for a 
number of typical conditions of installation and the 


(2) INTERNAL THERMAL RESISTANCE OF 

CABLES 


(a) Thermal Resistivity of Materials 


(i) Dielectric. 

The thermal resistivity of composite dielectrics such 
as those used in cable construction varies to some 
extent, but with improvement in manufacturing methods 
reliable values can be assigned representative of the 
upper limit for each class. 

Tests carried out by the N.P.L. on typical low-, 
voltage rubber-insulated single-core cablesf gave values J 
ranging beween 630 and 720° C./watt/cm?, with a 
mean value of 670° C./watt/cm? For the calculation 
of thermal resistance of rubber-insulated cables of all 
voltages the thermal-resistivity value has been taken as 
K — 750° C./watt/cm? 

The same investigation gave values between 630 
and 800° C./watt/cm? for impregnated-paper insulated 
low-voltage single-core cables, the mean value being. 
730 ° C./watt/cm? Owing to the more careful impreg¬ 
nation and tighter structure in high-voltage cables, the 
values assumed for the calculation of thermal resistance 
are K = 760° C./watt/cm? for cables operating at voltages 


* See Bibliography, (13). 

} Including tape-braiding. 


t Ibid., (6). 

§ See Bibliography, (B). 
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up to and including 1500 volts, and K = 550° C./watt/cm? 
for higher voltages. 

Less experience has been obtained on varnished- 
cambi ic-insulated cables, and this class of dielectric is 
again difficult to render homogeneous, especially for 
multi-core cables. Tests on a wide range of cables have 
given results varying between 470 and 870° C./watt/cm? 
For the ^calculation of thermal resistance a value of 
K — 750° C./watt/cm? has been assumed for cables of 
all types and voltages up to 20 kV. 

(ii) Textile Protective Covering and Filling Material. 

1 he thermal resistivity of the textile protective cover¬ 
ing, excluding armouring,* may be taken as K x 
— 500° C./watt/cm?, the same value applying to the 
filling material for S.L.-type cables. 

(iii) Screening Material. 

Screened cables employ copper or aluminium tape. 
4 he standard values of thermal resistivity for these 
materials are 0-26 and 0‘5° C./watt/cm? respectively. 

» 

(b) Single-core and Concentric Cables 

The internal thermal resistance of single-core and 
concentric cables is easily computed from rigid formulae 
set out below, in which the following notation is em¬ 
ployed : 

Gr' ~ thermal resistance from conductor to sheath or 
core to armour in S.L.-type cables. 

G s — theimal resistance of protective covering. 

■) = radius of conductor (inner conductor of a con¬ 
centric cable). 

r i = biner radius of second conductor of a concentric 
cable. 


For concentric cables the values obtained from the 
above formulae apply to the inner conductor, which is 
the hottest. 

The additional thermal resistance of the protective 
covering (if any) is given by 


G s 


*1 

2tt 



±Jj_±2 ) 

+ r e — t) 


°C./watt/cm. 


(6.5) 



cables. 


(c) Twin- and Multi-core cables 
(i) Geometric Factor. 

The computation of the internal thermal resistance of 
twin- and multi-core cables is more complicated. Rigid 
mathematical formulae cannot be determined, although 
mathematical expressions to fit the conditions have been 
derived by Mie and Russell. The general method of 
computation employs geometric factors in place of the 


r t = outer radius of second conductor of a concentric 
cable. 

? 3 inner radius of outer conductor of a triple con¬ 
centric cable. 

r i = outer radius of outer conductor of a triple con¬ 
centric cable. 

r 5 — inner radius of lead sheath. 

Ls = outer radius of lead sheath. 

t =s total thickness of textile protective covering over 
the sheath, i.e. thickness of bedding and 
thickness of serving, excluding thickness of 
armouring. 

? e overall radius of complete cable, including 
bedding, armouring, serving, etc. 

Single core — 

G' — (A/2tt) log (r 5 fr) 0 C./watt/cm. . . (6.1) 

Concentric — 

G' = (Kf2Tr) log (?y/|/rr|) °C./watt/cm. . (6.2) 
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Fig. 4.— Geometric factors for four-core circular conductor 

cables. 


Triple concentric cables (balanced 3-phase loading)— 

G' = (K/2tt) log 0 C./watt/cm. (6.3) 

Triple concentric cables (d.c. 3-wire system) 

G' = (IC/2tt) log ('r 1 r2 r 2/rr|rg 0 C./watt/cm. (6.4) 

* The value for armouring may be assumed as aero. 


logarithmic term in equations (6). Several methods of 
determining such factors have been devised, e.g, the 
measurement of the electrical resistance of models com¬ 
prising electrodes immersed in an electrolyte, due to 
Konstantinowsky, and the measurement of electrostatic 
capacity between cylindrical electrodes and an outer 
cylinder which surrounds them, employed by a number 
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of investigators. Atkinson* carried out a comprehen¬ 
sive series of tests on models comprising copper-tube 
electrodes sweated on to tinfoil to represent the dielectric, 
using the electrical resistance analogy. A modification 
of this latter method was employed by the E.R.A. in 
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Fig- 5.—Geometric factors for three-core circular conductor 

cables. 


a recent investigation. Electrodes representing the 
core and sheath were soldered to resistance-alloy sheet 
to represent the dielectric, and by measuring the elec¬ 
trical resistance of such models geometric factors were 
obtained for a wide variety of twin- and multi-core 
cables. Results were further checked by the graphical 
method devised by Wedmore.t and are shown in Figs. 3, 
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Fig. 6. —Sector correction factors for multi-core 
cables. 


4, and 5, which also give values published by SimmonsJ 
based on bis graphical solution^ 


(ii) Shaped Conductors. 

The use of shaped conductors reduces the thermal 
resistance of a cable, the precise effect depending upon 
the configuration of the conductor. Some tests on this 
aspect were carried out by Atkinson, and sector correc¬ 
tion factors were published by him.|| These were based, 


* See Bibliography, (14). 

$ Ibid. A 15 )- 


§ Ibid., (16). 


Ibid.,( 1 ). 
Ibid., [14.) 


however, on results obtained from three-core models 
only. The investigation by the E.R.A. was more com¬ 
prehensive, covering twin-, three-, and four- core models 
having a wide range of dimensions and constructed m 



accordance with modern conductor shapes. The results 
are shown in Fig. 6. 


(iii) Screened Cables. 

Screening reduces the thermal resistance of a cable 
by providing additional heat paths along material of 
high thermal conductivity, in parallel with the path 
through the dielectric. For circular-conductor cables, 


iu 



Fig. 8. —Effect of screening on thermal resistance of three 
core shaped-conductor cables with zero belt thickness. 


the electrolytic method has been employed by Konstan- 
tinowsky and Tchiassny to study this effect, while an 
interesting method employing resistance networks to 
represent the cable sections has been described by 
Waddicor.* Investigations carried out by the E.R.A. 
employed models constructed as previously described, 
provided with an additional copper strip sweated to the 
resistance alloy and surrounding the core electrode to 
simulate the screen. This screen was so dimensioned 
as to have'the correct relative conductance, as deter- 
* Sen Bibliography, (17). 
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mined by the parameter tS/(2«), where t is the thickness 

tiactorTT th he r " dlUS . or c ‘l uivalent radius of con- 
ductor, R the thermal resistivity of the dielectric and 

^1“ r ?1 iVity ° f the material By 

this means the effect was studied for both circular and 

shaped conductor cables, the results in the former cTse 

agreeing well with Waddicor’s. Figs. 7 and 8 give the 

them n in S a rr° IS obtained - whiIe Kg. 9 presents 
them in a different form compared with those of Kon 

stantaowsky and Tchiassny for circular conductors 

hy the"? rT 7 t r" tte latteI “ d those ow£S 
y he E.R.A. may be ascribed to the unreliahilitv nf 
the electrolytic method ability of 


ujb - 



(v) Protective Covering. 

cables a 1 d multi - core =aWes except S.L.-type 

fif 1^1 ,s . r ® Istance of Protective covering 

for concentocabtes. ° X P TeSSio » adduced 

thmmaf'^’v? 6 Ca ^ Ies ' howeve ^ since O' includes the 

+ _ J 1 esistance to the armouring, that of the pro¬ 
tective covering is given by 1 

G s = /q/ 27 r log (r f /r a ) °C./watt/cm. . (6.7) 

where r a is the radius over the armouring. 

(3) CABLES LAID DIRECT IN THE GROUND 

(a) Thermal Resistivity of Soils 
(i) Method of Measurement. 

th -mal resistivity valnes 
y ne dox method, m which a sample of soil 
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Fig. 9.— Effect of screening on thermal resistance of three- 
core cables with zero belt thickness. 

(iv) S.L.-Type Cables. 

In S.L.-type cables the lead sheath round each core 
may be assumed isothermal. Waddicor* has treated the 

the^thennTl 1 "^ aI -^ COncludes flurtin some cases 
h ® ^ermal characteristics of such cables may be some- 

w a inferior to those of screened cables. The graphical 

s m h e o4 d in° f 4 ed r e haS be “ ased * bbtotoSvi 1 

Shown m Fig. io, giving the relationship between Q f 

shLtofTd reS1StenCe ° f the “ Iin « bBtweeS 

of?h?nart * he ““imam thickness 

resist ^f tlLrmlS: “ * «“ “ 

g4n e by heimal reSiStan “ ° f SX -‘yPe cables is then 

6" = iC/Sw log {(,■ + B)/r J + g { oC./watt/cm. (6.6) 

aft shea?h “ CkaeSS ° f beWa “" d “^ 

* See Bibliography, ( 17 ). 


, n / 2 r l to ° f thiCknJ5S ° f bEddinS * flllEr bdt t0 «f sheat™ 
g. I®’ Thermal resistance^offfler in three-core S.L. type 

removed from the site is invest-ten-tari in -t-u , . 

sar ly the case. Methods of determinine the rh,™i 
resistivity of soils on site have thereS" deS 
such methods involving the measurement of the tern' 

P The^S A f T md " beater b “ ried “ t » 

this nawfn'r T °°‘ investigations of 

. nature for a number of years, and as a result w 

l^lted^ m Ti end£iti0nS regardin ^ the ^thods to be 
employed. The apparatus may be installed in a hole 

of the appropriate diameter bored to the required devth 

or alternatively a trench may be excavated and t h/ 

apparatus placed m a cavity cut in the wall. Precautions 

* See Bibliography, ( 18 ). 
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must be taken to ensure intimate contact between the 
soil and the heater shell, and to fill in the borehole ox- 
trench to reproduce as nearly as possible the original 
soil conditions. 

In one form, developed by the N.P.L., the apparatus 
consists of a copper sphere of 9 in. diameter containing a 
heater wound on a spherical former, the whole being 
supported on a tube of low thermal conductance which 
serves to bring the leads to the surface. Thermo¬ 
junctions sweated to the heater shell, and others located 
at known distances from the axis, determine the tem¬ 
perature gradient in the surrounding soil, the thermal 
resistivity of which is calculated from the expression 

g = 4tt(T 1 - T 2 )/[TF(1/?'i - l/r 2 )] °C/watt/cm? (7) 

where T 1 and T 2 are the temperatures (°C.) measured at 
distances and r 2 cm. respectively from the centre of 


sphere in cm. For cylindrical heaters the constant must 
be determined by calibi'ation of the apparatus against 
a sphere in the same medium. This form of apparatus 
has the advantage that it is more easily installed, and, 
if of small dimensions, can be opei'ated from a car-type 
battery where no other supply is available. 

It should be observed that equation (7.1) will give the 
average thermal resistivity of the soil from heater shell 
to base. Should any linear variation occur due to drying 
out of the soil near the heater this will not be apparent 
unless intermediate thermo-junctions are installed. This 
has been done in the investigations carried out by the 
E.R.A. on certain soils, but the former value corresponds 
to practical conditions of cable installation. Typical 

results are shown in Table 4. 

The investigations have covered a number of different 
soils, and have shown that the subject is a complex one, 


Table 4 


Thermal Resistivity of Soils 


Type of Soil 

Form of Apparatus 

Depth 

Date 

Sand 

9-in. sphere 

4 ft. 8 in. _ 

L 

Sept. 1934 
May 1936 


3-in. sphere 

5 ft. 

L 

Sept. 1935 
May 1936 

Clay* .. 

9-in sphere 

6 ft. 


May 1934 

3-in. sphere 

6 ft. 


May 1934 


3-in. cylinder 

6 ft. 


April 1935 


2-in. cylinder 

6 ft. 


Oct. 1936 

Loam over sand 

9-in. sphere 

3 ft. J 

May 1931 

and gravelf .. 


L 

Dec. 1931 


Load 

Shell Temp. 

Base Temp. 

Thermal Resistivity in “C./watt/cra? 
between points distant from axis 


Shell to G in. 

G in. to 24 in. 

Shell to base 

watts 

26 

°C. 

46-7 

°C. 

13-9 

386 

132 

184 

25 

24-6 

7-5 

165 

83 

103 

11 

69-2 

15-0 

— 

— 

229 

11 

33-0 

7-5 

— 

— 

109 

91 

39-8 

7-4 

82 

46 

52-3 

51 

70-1 

9-6 

— 

— 

56-9 

132 

64-8 

7-6 

— 

— 

55-5 

10 

6 - 3 de 

g. rise 

— 


52-8 




1 See 

65 

-— 

— 

— 

— 

J note:); 

85 



* Tests carried out by Mr. E.-Fawssett at Newcastle. 

% The shell temperature was higher (by an amount which varied 
junctions. 


j- Tests carried out by Dr. E. Griffiths at the N.P.L. 
with the season) than would be expected from those measured by the external thermo- 


the sphere, and W is the energy dissipated by the heatei, 
in watts. 

In alternative forms the heater is contained in a 3-m. 
sphere or a cylindrical copper shell as developed by 
E. Fawssett, having an axial length not less than four 
times its diameter, the construction being in other 
respects similar to the above. 

For practical purposes, the external soil temperature 
is measured at the mean depth of the heater and at one 
point only sufficiently remote for the temperature to be 
undisturbed. The thermal resistivity is then given by:— 

g = adJW °C/watt/cm? . . . (7.1) 

where 9 is the temperature-rise in deg. C. of the heater 
shell above the base, W is the energy dissipated by the 
heater in watts, and a is a constant for the apparatus 
concerned. 

The constant for a spherical heater, assuming spherical 
heat flow, is 4c.ttv, where v is the external radius of the 


the precise effect of some of the factors involved having 
still to be determined. From the tests already made, 
however, certain general facts have emerged which are of 
considerable importance in connection with buried cables. 

(ii) Type of Soil. 

Thermal resistivity varies over a wide range with 
type of soil. Speaking generally, soils which will hold 
a relatively high percentage of moisture have a low 
thermal resistivity, while porous soils have a high thermal 
resistivity. Examples of these two types are clay and 
sand respectively, while light loamy soils will fall between 
these extremes. Much will depend, however, on the 
drainage facilities, so that a gravel or chalk, although 
itself porous, may have as low a thermal resistivity as 
clay if the soil strata below it tend to prevent the water 
from draining away from it, or if it is low-lying and 
subject to waterlogging through proximity to rivers or 
the sea. 
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(iii) Seasonal Variations. 

Fox- certain soils the thermal resistivity varies with the 
season. In the case of clay the variation observed has 
been unimportant, but with sandy loam values have 
been found to vary between 65 and 90 over a period of 
a year, while in sand the variation was very marked, 
the minimum and maximum values at a depth of 5 ft. 
being 90 and 180 respectively, repeating over a period 
of two years’ observation. 

In general, the low values occurred in the spring and 
the high values in the autumn. 

Such variations are probably due to changes in the 
moisture content and temperature of the soil, but it has 
not been possible to correlate these factors. It appears, 



At Teddington, temperature differences were measured 
between two thermocouples buried in the ground W & 
20* respectively from the surface of the sphere. 


All tests carried out with 9“spheres. 

Fig. 11.—Seasonal variation in thermal resistivity of certain 

soils. 

however, that high thermal-resistivity values occur at 
periods when the moisture content is low and the ground 
temperature high, and vice versa, but the limiting values 
of the former do not necessarily coincide with those of 
the latter. Furthermore, in sand, variation in moisture 
content at a depth of 3 ft. appears to have less effect 
on the thermal resistivity at that depth than a relatively 
smaller variation at a depth of 5 ft. The tests in sand 
at 3 ft. indeed showed no clear seasonal variation, the 
values fluctuating more rapidly but over a much narrower 
range. This effect is probably due to changes in atmo¬ 
spheric conditions which would not penetrate to greater 
depths. 

Typical curves showing the seasonal variations 
observed in different soils during the course of the 
investigations are given in Fig. 11. 

On the assumption that the thermal resistivity of the 
soil is uniform, general mean factors may be applied to 
the standard ratings to allow for a particular known 
resistivity different from 120. The factor is 1-05, 0-93, 
0-85, for resistivities of 100, 150, and 200, respectively. 


(iv) Effect of Depth. 

The evidence on the effect of depth on thermal resis¬ 
tivity is not conclusive. Comparative tests at different 
depths were carried out in a very compact clay and in 
sand. In the former case there is some slight indication 
that the thermal resistivity as measured with a 9-in. 
sphere at a depth of 6 ft. is higher than at 10 ft., 
although the difference did not exceed 5 per cent. With 
a 3-in. sphere, however, the difference observed was of 
the order of 20 per cent. It is possible, however, that 
this effect may have been wholly or partially due to 
differences in the watt density at the sphere surface, as 
discussed in the next Section. In sand, correcting for 
seasonal variation, no difference was observed when 
using a 9-in. sphere at a depth of 10 ft. and 5 ft., but at 
3 ft. very much lower values were obtained. 

(v) Effect of Thermal Dissipation. 

There is some evidence to indicate that the thermal- 
resistivity values obtained depend upon the watt density 
at the surface of the sphere. Typical curves are shown 
in Fig. 12 for clay, in which no appreciable seasonal 
variation was observed. In sand the results, when 



Fig. 12. —Tests in clay soil (Newcastle). Variation of thermal 
resistivity g (as calculated from sphere and base tempera¬ 
tures) with watt density at the sphere surface for both 
9-in. and 3-in. spheres at a depth of 6 ft. and 10 ft, 

{d = diameter of sphere.) 

corrected for seasonal variation, iixdicated that thermal 
dissipation had no effect. It is considered advisable, 
however, to carry out the tests at such a loading that 
the temperature-rise of the heater shell shall be of the 
same order as that of the buried cable. 

(b) External Thermal Resistance of Cable 
(i) Standard Formula. 

It is generally assumed that the surface of the ground 
above a buried cable is an isothermal, since it is in 
contact with free air. The isothermals in the soil there¬ 
fore form a system of coaxial circles, and the thermal 
resistance from the outer covering of an isolated cable 
(single-core, concentric, or multi-core) to the earth’s 
surface is given by 

<7 V — r 2 -}- (l — r e ) 

= r— log --= - - -°C./watt/cm. (8) 

2tt & VP~i*-{l-r e ) 

= (ffl^rr) log {(2Z — r e )/r e } approx. 
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where g — thermal resistivity of the soil in °C./watt/cm? 

I = depth of cable axis below ground surface 
in cm. 

r ,, = outside radius of cable in cm. 

it 


l n — axial depth of each other cable of the group 111 
cm., and 

r e = outside radius of the cable considered in cm., 
and 


(ii) Effect of Depth. 

From equation (8) it might be thought that the external 
thermal resistance of a cable becomes greater as the 
depth at which it is laid is increased. This is only the 
case, however, if the thermal resistivity of the soil 
remains constant at different depths. 

In the case of cables laid near the surface, earliex 
experiments* showed that the external thermal resistance 
became greater as the depth increased up to 4 ft. 6 in. 
in made ground naturally compacted under its own 
weight over only a few years. Subsequent tests [ on 
actual cables buried at greater depths in very closely 
compacted clay at Newcastle gave values of 45 and 
49° C./watt/cm. for the total thermal resistance of the 
earth path at 10 ft. and 20 ft. respectively, and by 

Table 5 

Depth Rating Factors 


y n = horizontal axial distance between the cable con¬ 
sidered and each other cable in the group in cm. 

This formula can be applied to any number of cables 
laid in any configuration. For the simple case of wo 
similar cables laid horizontally and touching, the external 
resistance of either of them becomes 

G = ± log- 2 *"/ — °C./watt/cm. (approx.), (8.2) 

0 2t t ?fV 6 

For three similar cables in trefoil formation and 
touching with vertex downwards, the external thermal 
resistance of the lowest and hottest becomes 

[l 1 Z — r e ) 2 -f- T ^e.\ 1 

VZ -~ L - r « )2 + r P J 

°C./watt/cm. . (8.3) 

where l t = axial depth of the lowest cable, 
an d l = axial depth of the upper cables. 



Depth of 
laying 

Cables for voltages up to and 
including i ■ 0 kV 

Cables for 
voltages 
above 1 • S kV 

Up to 0-04 
sq.in. 

0-04 to O'5 
sq.in. 

Above 0 -5 
sq. in. 

All sizes 

ft. 

6 

9 

0-92 

0-89 

0-87 

0-94 

0-91 

0-88 

0-86 

0-92 

12 

0-89 

0-86 

0-84 

0-90 

15 

0-87 

0-84 

0-82 

0-89 

18 

0-85 

0-82 

0-80 

0-87 


substituting these values in the standard formula given 
in the previous section the thermal resistivity of the soil 
is found to be 48 • 3° C./watt/cm? at 10 ft. depth and 
47 • 0° C./watt/cm? at 20 ft. It would appear, there ore, 
that the assumption of constant thermal resistivity at 
depths of this order is valid at least for such a soil. 
Table 5 gives depth rating factors which have been 
compiled on this assumption and which take into account 
both the variation of external thermal resistance and 
the internal thermal resistance of the cable. 


(iii) Effect of Grouping. 

When a number of cables are laid in close proximity 
to one another, the external thermal resistance of any 
one of the group is given byj 


Ge " LZ*** 


(h + ln ^-Hfoc./watt/cm. 
2 


■ln- r e? + iVi 


( 8 . 1 ) 



Fig. 


l 3i _Group rating factors for two single-core cables laid 

side by side 8/n.d touching. 


The quantity G e from equation (8.1) permits the cleter- 
nnation of i and thence of the group rating factor 
iven in equation (5), Section (1) W, provided * the rata 
f sheath to core temperature-rise, is known. It has been 
,und possible to use average values of k for different 
lasses of cables with sufficient accuracy, namely 0-75 
r two single-core cables, 0-875 for three single-core 
ables, 0-625 for concentric, 0-62 for triple concentric 
1-675 for twin, 0-7 for 3-core belted or screened 0*66 
or S L type 0-64 for 4-core. Group rating factors so 
given in Figs. 13, 14, 15. and 16.* 

(c) End Effects 


g — thermal resistivity of the soil in “C./watt/cm?, 
f = axial depth of the cable considered in cm., 

* See Bibliography, (1). t Ibid., (19). t Ibid., (20) 


In the case of a cable of finite length laid direct in the 
ground, longitudinal conduction will occur m the core 
* See also Bibliography, (30). 
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and sheath, and also in the surrounding soil. This effect 
may, in. certain conditions, result in alleviation of the 
temperature-rise of the cable as computed on the 

I _ 


Note. The cables are assumed to be 
laid at the standard depths of laying. 



quantity, while variable loads may be classified and an 
allowance estimated for the various classes. 

It is shown in Appendix 3 that if t is the time 
elapsed since switching on the load, 6 C the maximum core 
temperature-rise for continuous loading, k is as given in 
Section ( b ), then the actual core temperature-rise 0, it) is 
given by 


*= 0-7 



So I fe & = a2 {( 1 - *- t,sa ') (i - *) -i- m 


where a/ is the load, I the continuous rating of the cable, 
S'the thermal capacity of the cable, namely the sum of 
the thermal capacity of the loaded conductors and one- 
ialf the thermal capacity of the insulation and sheath all 
divided by the number of loaded conductors, and O' the 
internal thermal resistance. The quantity } is given by 


2a) -j- — fi/Dt) -j- e~ 2x log 2 

log (16Z 2 /rf2) 


. (9.2) 


where® - rP/(lQDi), d = overall diameter of cable, 
D - thermal diffusivity of the soil in watt-em. units, 


o 5 7 

Number of circuits in group 

Fig. 14.-Group rating factors for three single-core cables in 
trefoil formation. 

assumption of infinite length. As demonstrated in 
Appendix 2, however, such alleviation will only be 
appreciable for a length of run of the order of less than 

(d) Intermittent Ratings 

Standard ratings have in this country been based on 

It load which can be carried continuously 

although directions for transient loading have previously 
been given,* together with a numbe/ of hea“j 

I 
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00 o 


u / 8 

Number of cables in group . 
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o O O O O O 
| I OOO 


spacing 
,✓18* Sfwtiiif; 
^xlZ*5|«cins 


xhi’onucin*' 

T- 1 

^.-Toiichint' 



' 74'spacing 

is'spacin^ 
IT spacing 


Touching 


\ H 5 7 T “-10 il a 

Number of cables in group 

Fig. 15.—Group rating'factors for concentric m T . 

core cables in horiaontal formatioT ' m " te ' 

cooling curves. In the* tt e a ... 

50 per cent, 75 per cent and ion ^ 3X6 based 0n a 
factor, that is, the ratio of cent da ily load 

the maximum ampere-hours H aCtual am pere-hours to 
rating of a cable may be reo-ardedlf^V 116 COntinu0us 
“ d ShOTU be tabulated 

* See Bibliography, ( 1 ) and ( 2 ). 


m. 16. and multi- 

1= depth of cable, and M is the exponential intomml 
function tabulated in Jahnke and 

Functions, and elsewhere. f 

peak-wTad iff 0f . variable 1<»<1 occurs when a 

continuous toad 18 ^ * ^stantially 

giving a temperature-rise 

(1 -“ll^whencT t0 ^ PCak l03d ' mUSt not exmai 

maximum peak-hour load = I- v /( a 2 -|- a 2 ) 

= I f~acn 4- _ “I* 

L M 

a o as eithe^S^or 0 P 75 P ° S Fig aS 1 h ° Ur and 

with different conditions * It™ V ^° WS the variation 
can be discriminated aicordS^todif'^ dthatcables 
and that voltage mav t diameter 0ve r lead 

and single-core cables do not 

$soil "a Si als y of 
increases the specif hTat £ 
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resistivity, and therefore its effect tends to be compen¬ 
sated as regards the diffusivity. The type of soil having 
a thermal resistivity of 120 would probably have a 
diffusivity rather less than 0-01. But in view of the 
doubt attending such correlations it has been decided 
to adopt a value for D of 0*02 to permit a margin o 
safety, and also to take the 1-kVcurves for multi-core cables 
as generally applicable. This is also desirable since it is 
not easy or convenient to allow for the localized thermal 



Fig. 17.—Rating factors for peak-hour loading. 

— Cables laid direct. 

— Cables in air (1-10 kV). 

(a) 50 % continuous loading. 

(b) 75 % continuous loadiug. 


resistance which may occur at the boundary betwee 
cable and soil when a heavy load is earned for a short 
time. The values are rather greater than those pre¬ 
viously obtained* for a 20-kV cable which was tested in 
this way, due partly to differences in contraction and 

installation. . , 

Apart from peak-hours, loads are usually less at night 

and, in industrial areas, may be very small at the week¬ 
end. This gives rise to a cyclic loading haying a period 
T during which it is supposed, for simplicity, that the 
load is applied for a time ( 0 . The effect may be simulated 
by applying a positive source of heat initially, an equal 


negative source at t^, a positive source added again 
at T, and so forth. The temperature-rise 6 after n + 1 
cycles at the same load would therefore be less than 6 C , 
the maximum temperature-rise for continuous loading, 
and is 


6 = ^T0(i>T + f 0 ) - d(vT) 

v=Q 


. (9.4) 


This series rapidly converges and may be replaced 
for a large number of cycles by 


0 v \r'6(vT + t 0 ) — 9{vt) , Vi 6( nT + m a t\ 

^ e > J 

0 V = 0 

n need only be taken as 8 or 4 if a large _ number of 
cycles occur, but in industrial areas having a 6-day 
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Fig. 18.—Relationship between temperature-rise with* con- 
' tinuous and intermittent loading. 


load, n is taken as 6 and the second term is neglected. 
The rating for this type of cyclic loading is the square 
root of the relative temperature alleviation, namely 


I(cyclic)//(continuous) = V^el®) • ( 9 - 5 ) 


To evaluate this, 6(t)jO c requires to be known as a 
function of t. This can be found from an experimental 
heating or cooling curve in an actual instance, but can 
be found theoretically from equations (9.1) and (y.^j. 
Since the cycle is normally 24 hours and t 0 is several 
hours, (9.1) and (9.2) reduce to (a being now unity) 


0(t)/0 o = 1 - fc + fcjS and 0(0 ) = 0 

= | — 0-577 —log x-\-Ei(—l 2 IDt)yi°g (16Z 2 /d 2 ) 


(9.6) 


since t is now large so that x and e 11SG are small, x being 


dPKlODb). 

After some consideration of conditions 


in 


various 


Table 6 


Method 

Calculation from formulae 

Heating curves [see Bibliography, (!)]• 

0-2 
sq.in. 
3-core 

00 kV 

0-15 

sq.in. 

3-core 

11 kV 

- 

0-16 

sq.in. 

3-core 

20 kV 

0-35 
sq. in. 
3-core 

20 kV 

Diffusivity (watt-cm. units) 

0-005 

0-02 

' ' ... ... 

--- — ---! 

Diam. of cable (cm.) 
Depth of laying (cm.) 
6 S I 0 9 S i n percentage 

2 

4 

74 

10 

■6 

60 

2 I 

9 

68 

1 10 
i2 

50 

2 

4 

86 

| 10 
,6 

79 

2 

9! 

77 

10 

2 

67 

6 

61 

76 

6-1 

61 

79 

8-2 

61 

87 

6-3 

61 

82 

8 

61 

82 


* See Bibliography, (1). 
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areas it was decided to adopt a cycle in which the cable 
is loaded ior 8 hours and idle for 16 hours each day, and 
that this cycle would be repeated at least 5 or 6 times 
Iig. IS shows the variation of sheath temperature in 

at ^n 6 6Ild and beginning of consecutive 
cycles for a cableof 10 cm. diameter laid at 46 cm. or 18 in 

m soil of diffusivity 0 • 005. Comparatively little further 
c ange occurs after 5 or 6 cycles, so that the rating 
corresponding to a large number of cycles may be 
c dopted. Equation (9.6) may then be replaced by 


e_ 

e 0 


— 1 — Jc “f~ Jc 


(4) CABLES IN DUCTS 
(a) Theory 

thS 1 111 of the subject it is assumed 

unifo™ g + UCt Hne ° Ver Which cations are 

it tZ §r m C ? nparison with tlle depth at which 
it is laid as is generally the case. Where this is not so 

This lllri mUS n b f applied for lon gitudinal conduction. 
This aspect is dealt with in Appendix 2, where it is 


The !ast term represents 0'/0 s and * 0 = 6D* 0 ), where 

° r m 10 e U1 ? and ® ~ sheath temperature-rise at time t 
fable 6 shows typical results of calculation from the 

mSTof'tM. de ‘ erminati0n fr ° m heatin ® curves by 

ti T? diffusivity of the soil in the heating tests men- 
tionedl is not known with certainty, but was high 
probably lying between 0-01 and 0-03. Again, the 
difference between calculation and experiment would 
lot exceed about 2 per cent on the actual rating. More 
e ailed tests made by Fawssett on cables at Newcastle 
where the properties of the soil were better known gave 
agreement with calculations within certain limits.’ For 

Whlle a & reem ent could be obtained over the 
nst 24 hours or for 10 days, excluding the first day, the 
onstants m the two cases were not quite the same 
Analysis of the results, however, showed the possibility 

both h hange !° f d f USivity with time wllich could arise 
both by secular changes in the soil due to temperature 

gradient and also, if the soil were not absolutely homo¬ 
geneous to the change in temperature distribution with 

that'thf 0 / the presen t application it is only necessary 
that the formula should hold either for a period of an 

hour or so or else for periods from 8 hours onwards, and 
this seems to be the case. 

. ^ ha ® TaaHy been decided, as before, to adopt a 

fonn?Il ty f ^ff 0 ’ 02 f0r rating purposes - and it is then 
found that different types and sizes of cable vary little 

by TableT 56 f ° r c T clic Ioadin g a * is shown 


0-33 {Ei(~ 0-1^) - E i(- finoDtJ } l 
log(16Z 2 /d 2 ) -^ + 3 


• . (9.7) 


emonstrated that no correction is necessary where the 
engthof line exceeds ten times the depth of laying. 

la thermal resistanc e from the conductor of any cable 

can b^rft ST! dUCt t0 the Surface of the ground 
can be divided into four parts in series, namely: G' from 

cabled a ? ° +u 6 COnductor to the outer surface of the 

wafl iffhfT t n SUrfaCe ° f the cable to the inner 
the duct r T ’ fu r ° m tbe mner to outer wall of 

face of the^° n “. the ° Ut<5r Wal1 of aur- 

thilpaptrf haS 136611 fUlly dGalt With in Section ( 2 ) of 

thJ i, tnta e i C T d + dependS UP ° n the tliree components of 

namelvmdVH enatted from the surface of the cable, 
nameiy radiation, convection, and conduction. 

The radiation loss is given by the formula: 

H r - 7rda(To~ watts/cm. (10.1) 
where 

d = overall diameter of the cable in cm. 
cr = Stefan’s constant — 5-71 x 10 ~ 12 
T 0 = absolute temperature of the cable surface. 
i 1 _ absolute temperature of the inner surface of the 
duct. 

El and E * = cmissivities of the cable and duct surfaces 
respectively. 

The emissivities of various kinds of cable and duct 
surface are given in Table 8. Eccentricity of the cable 


Table 7 


Rating Factors for Cyclic Loading of Typical Cables 
(8 hours on and 16 hours off) 


Size, sq. in. 

IkV 

cone, triple 
core 
or twin 

10 kV 
cone, and 
twin 

a-core 1 kV 

Belted 

20 kV 

3-core 
screened 

20 kV 

3-core 
S.L. type 
20 kV 

Two single-core 
cables laid flat 
and touching (up 
to and including 

1 • 5 kV) 

Three single-core cables in trefoil 
formation 

___ 

1 kV 

6kV 

20 kV 

0-04 

0-15 

0-3 

0-5 

1 

1-5 

1-05 

1-06 

1-07 

1-08 

1-09 

.. 

M0 

1-11 

1-13 

1-14 

1 1-07 

1-08 
LOS 
1-08 
I'll 

110 

112 

1-14 

1-12 

1 • 14 
116 

I'll 

1 • 13 

1 • 14 

1-06 

1 • 07 

1-08 

LOS 

1 • 09 

1 • 09 

1 • 06 
1-07 
1-08, 
L08 
1-09 

1 • 09 

111 

113 

1-14 

1-15 

L 11 
1-12 
1-13 

1 • 14 
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in the duct has probably a negligible effect on the radia¬ 
tion loss. * 

The convection loss is given by the formula 

H c = 7c c cZ 3/4 0 5/4 watts/cm. . * U 0 - 2 ) 

•where 

Jc = constant depending on the ratio of cable diameter 
to duct diameter, as shown in Fig. 19, and 
d = temperature-difference between the cable and the 
inner wall of the duct in deg. C. 


The conduction loss is given by the formula 

H d = 2TrK a 6j(j) watts/cm* . • (10.9) 

where 

K a = thermal conductivity of the medium—in this 
case air, viz. 25-2 X 10 ~ 5 watts per cm? per deg. C. 

cu = cosh- 1 {(^ + 4 - c 2 )/ 2 r e r d } 
r e — overall radius of cable in cm. 
r d — internal radius of duct in cm. 
c == distance between axis of cable and axis of duct 

in cm. 


Table 8 


Thermal Emissivities of Duct and Cable-Sheath 
Materials. Temperature Range 30° to oO C. 


[From N.P.L.] 


Description of specimen 


Pure lead surface, as supplied 
Ditto, burnished 

Ditto, after 6 days’ exposure. 

Ditto, after 11 days’ exposure 
Ditto, after 40 days’ exposure 
Ditto, after 57 days’ exposure 
A new pure lead surface with a coating of 
tallow, 1-3 mm. in thickness 
Oxidized pure lead surface with 0-5 mm. 
coating of tallow 

Chemical lead surface, heavily pitted 
[Lead (tarnished sample) 

Lead (sample from cable after tests in Harles- 
den duct) 

Lead and petroleum jelly 

Lead and graphite grease . 

Lead and colloidal grease 
Lead and belmoline grease 
Antimonial lead surface (new) 

Ternary alloy surface (new). 

B.N.F. ternary alloy, No. 2 
Ternary alloy 

Ternary alloy and petroleum .. 

Ternary alloy and flake graphite grease 
Ternary alloy and colloidal grease 
Ternary alloy and belmoline grease 
Bright wire armouring 
Bituminous compound covering 
Glazed earthenware surface representative of 
the internal surfaces of the ducts used in the 
investigation (moulded tiles 8 in. square) . . 
Ditto, cut from a large slab 
Fibre surface (3-in. diameter tube) .. 
Concrete surface, either black (slightly glazed), 
white or grey .. • • . 


Emissivity 


0-20 

0-14 

0-18 

0-18 

0-21 

0-23 


1-0 


1*0 

0-62 

0-56 

0-57 
0-35 
0-94 
0-93 
0-80 
0-20 
0-28 
0-39 
0-14 
0 • 34 
0-98 
0-99 
0-82 
0-31 
1-0 


0-96 

1-0 

0-93 


1-0 



If x is the minimum clearance between cable and duct 
wall in cm., i.e. x — r d ~ r e — c, and if x is small com¬ 
pared with r d and r„ the expression for conduction loss 
may be simplified to __ 

Bi = watts,cm ' ’ (10 ' 31) 


The above expression is only true when the cable is 
concentric with the duct. For a cable lying on ie 
bottom surface of the duct the convection loss is reduced 
by approximately 30 per cent for a ratio of cable diameter 

-to duct diameter of 0-5. 


The total heat emitted from the cable surface is then 
the sum of the above three components, namely: 

H = H r + H c + H d watts/cm. . (10.4) 

* Bv analogy with the capacitance between two cylinders one within the other 
—see Russell’s “ Alternating Currents,” vol. 1, p. 165. 
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and the overall thermal resistance between cable surface 
and inner surface of duct is given by: 

Ga = 6lH °C./watt/cm. . . . (10.5) 

The thermal resistance from the inner to the outer 
wall of the duct is given by 

G d = Ttt l0g rj ° C -/ watt / cm - • • (11) 

where 

f/ a = thermal resistivity of the duct material in 
°C./watt/cm? 

r 0 = outside radius of the duct in cm. 
r d = inside radius of the duct in cm. 

Finally, the thermal resistance from the outer surface 
of the duct to the ground surface is given by 




g_ 

2tt 


log 


where 


V 'P —4+P-fn) . 

V'P -»■§-((- r.) 


C./watt/cm. (12) 


lent radius defined above, and the method is thus con¬ 
fined to symmetrically loaded duct systems. It is 
further necessary to preclude longitudinal convection 
through the duct-ways, or, alternatively, to apply a 
correction for this, and to assume that, as the resistance 
to the flow of heat through the air in unoccupied duct- 
ways or pilot holes is much higher than that through the 
duct material, all the heat will flow through the latter. 
This assumption may be false if any of the duct-ways 
contain idle cables, but again a correction can be applied 
as indicated later in Section 4 (c) of the paper. 

For the case in which one cable only, that situated 
in the centre duct-way of a nine-way cluster, is loaded, 
the method is illustrated in Fig. 20. An arbitrary 
number of tubes ” of heat are drawn emanating from 
the centre duct-way, the surface of which is assumed to 
be isothermal. These are produced to a point outside 
the duct cluster at which the isothermals (which intersect 
them m such a way as to form an orthogonal system) 


g — thermal resistivity of the soil in °C./watt/cm? 

I = depth of the duct axis below the surface of the 
ground in cm. 

r 0 == outside radius of the duct in cm. 


If Z is large compared with r Q , this latter expression 
simplifies to 

ff . 2l-r n . _ 

( 12 . 1 ) 


° p ~£t l0g ° C -/watt/cm. 


(I2-2°C) 


, In J the f se of multi-way ducts it is convenient to 
consider the thermal resistance between each loaded 
cable and the surface of the ground separately This 
may be divided into the same four parts in series as in 
A?® C3 f® °f a sm £ le ‘ wa y duct. Of these the first two 
f and G ±) are calculated as before. The thermal resis¬ 
tance from the inner surface of each duct-way to the 
surface of the ground, however, will vary as between 
individual cables, and will depend not only upon the 
position of the cable considered in the duct cluster but 
also upon the loading of the others. 

The thermal resistance from the inner wall of any duct¬ 
way to the outer surface of the duct cluster A not 
amenable to rigid mathematical treatment, owing to 
he perforations m the duct structure which distort the 

h? fl0W - An a “ed complication J Z 
the fact that the outer surface is not an isothermal 

It is 6 \ n h Pra ice a duct cluster is circular in section' 
It is, therefore, necessary to define the duct section ns 

an equivaient cixclo of radios it, whose area is^a" “ 

the left ° SKl ^ he ° Uter WElIS ° £ tte duct duster. If 

to a sqnare ww ^ ^ 

B e = 0- 564a . . . . ( 12 . 2 ) 

A convenient method of determining the thermal 
■resistance of this part of the heat path is to construct 

station W q iia 8 ra “* paxticulax case under con- 

case S whichif a d 2« ramma y b « constructed for any 

with the axis of tZn e J rmala become circles concentric 
n the axis of the dnct system at or near the equiva- 

* See Bibliography, ( 1 ). 




m 1 

s 

ii 

1 

ii 




■ 

fea 

Wmk 


Fig. 20 Heat-flow diagram for a 9-way duct system with 
only middle cable loaded 

Values in bracks are a d, |S ipa,iou of 0-307 

svsterrf T^f with the «*is of the duct 

Z P T I « S WhlCh this 0ccurs ma y be denoted 

of tfe cellTd + r ? al resistance from ^e inner wall 
oi the centre duct-way to a radius R s , assuming a uniform 

medium, is given by the product of the temperature-drop 
nuruhp 11 r eSe i imitS (measured in arbitrary units by the 

SuS maferS resis tivity Ii the 

h J? mateiaal > divided by the number of " tubes ” of 

n d ttaT th n f T the r tre dUCt - Way - “ a bobd be 
shown ^ in th! ValUS 13 61ght Ws tlle number 

section tlrouvh U g1 'i m V ^ ° nly one ~ ei gbth of the 
t l agh . the duct 13 sll own. The thermal resis¬ 

tance from the inner wall of the centre duct-way to the 

“ by 

distance that of f 7 deductin « from ^ above 
radii H and 7? .y if y6r 01 duct matelda l between 
whTrelU the t T 1S - glVen by 

TOen seveml^lT r !f st ! vit y ° f dnct material 
vvnen several cables in the duct cluster are loaded th*> 

method can still be applied provided that, as p^oudy 
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mentioned, the loading is symmetrical. A typical dia¬ 
gram is shown in Fig. 21. The method of construction 
is similar to that already described, but it should be 
noted that the number of “ tubes ” of heat emitted from 
each duct-way must be proportional to the watts dissi¬ 
pated from the cable in that duct-way. In the case 
i llustrated equal loading was assumed. When the system 
is symmetrical about a central duct-way containing a 
loaded cable, the inner wall of this duct-way may be 
assumed isothermal as in the previous case, but in other 
cases the heat-flow is not necessarily normal to the walls 
of the duct-ways. 

In computing the resistance to heat-flow from any one 
of several loaded cables in a duct cluster from the dia¬ 
grams, the method is in principle the same as that em¬ 
ployed in the case in which the middle cable only was 
loaded, the temperature-drop from the inner wall of the 
duct-way to a radius R s and the number of " tubes ” of 

X(20-5°C) 



heat emitted from the cable unaer —y 

used. Where the wall of the duct-way is not isotherm 
its mean temperature above that at a radius S mus 
estimated. In deducing the resistance'between'rad. 
It ,, and It, the expression becomes W2w)log(iVE,) 
where v is the ratio of the heat emitted fromthe.cable 
under consideration to that emitted from all the loaded 

““he radius S. for any given duct dus^ m Wto 
depend upon the number and locat ‘° n Th 

cables, and may considerably exceed The e ^ 

St“Lt “ "any serious dis- 

is of relatively less importance. ^ the therma l 

The eX ? r r o^the outer surface of a single-way duct to 
ground must be modified for multi-way 

Vol. 83. 


duct clusters, for which the resistance of this part of the 
heat path to heat flow from any one cable is given by 
Gplv, where G v has the value given above for a single-way 
duct. For n equally loaded cables, v is l/n. 

Although it is preferable to construct the heat-flow 
diagram for the particular case considered, yet for con¬ 
venience a list is given here of values for some common 
conditions for ducts having a ratio of internal duct 
diameter to duct spacing of 0-824, a ratio of pilot hole 
diameter (in the case of a nine-way duct) to internal duct 
diameter of 0-43, and a minimum thickness of duct 
material (between adjacent duct-ways or between inner 
wall of an outer duct-way and outer surface of duct 
cluster) of 0-214 X internal duct diameter. The thermal 
resistance from the inner wall of the duct-way specified 
to the outer surface or equivalent, in terms of the thermal 
resistivity (gq) of the duct material is as follows: 

(i) One cable in a single-way duct .. 0-057^ 

(ii) Centre cable in a nine-way duct: 

(1) Centre cable only loaded .. 0-70 g d 

(assuming no heat-flow across 
other duct-ways). 

(2) Centre cable only loaded .. 0-31^ 

(assuming some heat-flow 
across other duct-ways*) 

(3) All cables equally loaded .. 1 • 04 g d 

(iii) Any cable in a four-way duct: 

All cables equally loaded .. • * 0-13^ 

It is interesting to compare the above value for the 
centre cable in a nine-way duct when that cable only is 
loaded and no heat-flow assumed across the other duct- 
ways, with the value determined from tests described 
elsewheref on the electrical resistance of a sheet-metal 
model of a similar duct. The latter gave the thermal 
resistance as 0-86^, but the ratio of duct diameter to 
duct spacing was slightly greater. On correcting for this 
on the assumption that, approximately, the resistance 
is inversely proportional to the minimum thickness o 
the duct material, a value of 0 • 71 5gd was obtained. 

(b) Experimental Work 

A previous investigation^: supplied information on the 
current rating of cables drawn into a six-way duct, both 
for the case of one loaded cable and for that in whic 
all six cables were loaded, but apart from this very little 

experimental work had been done. 

In order to verify results obtained by the theoretical 
methods set out in the previous section, a senes of fu - 
scale tests were therefore earned out by the E.KA a 
Harlesden on a nine-way earthenware duct-system aid 
xvi-f-h a cover of approximately 3 ft. m London clay. 
Th^totaHength ofduot was 36ft. The duct-sections 
were provided with pilot holes and the diameter of the 
duct-ways was 3| in. Plain lead-sheathed, 600-volt, 
concentric cables were drawn into each duct-way 

Seven conditions of loading were investigated as 

follows: 

(i) All nine cables equally loaded. 

(ii) All nine cables with graded loading^ 

» See Section (4)(c) and. Fig. 2S. j 6t *^ n). 

I gSSfi5U»1«... » .d U- » » «* ““ — 

perature-rise on all loaded cables. ^ 
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Table 9 

Current Loading and Mid-Sheath Temperature-Rise for Tests with all Nine Cables Loaded 


Position 
of cable 


L.H. outer 

Middle 

R.H. outer 

{a) Equal 

Loading . 






Current 

• 

^- 

225 amp. 

-—> 

Top row 

Temperature-rise above' 


29 deg. C. 

31 deg. C. 

29 deg. C. 

Middle row 

undisturbed ground 

- 

33 deg. C. 

34 deg. C. 

33 deg. C. 

Bottow row 

temperature 


25 deg. C. 

28 deg. C. 

28 deg. C. 

(6) Graded 

Loading. 





Top row 

f Current 


240 amp. 

212 amp. 

245 amp. 


1 Temperature-rise .. 

• 

38 *6 deg. C. 

40-3 deg. C. 

39-3 deg. C. 

Middle row 

f Current 


212 amp. 

187 amp. 

220 amp. 


l Temperature-rise .. 

■ 

39-5 deg. C. 

39-5 deg. C. 

39-9 deg. C. 

Bottom row 

f Current 

# 

280 amp. 

246 amp. 

260 amp. 


1 Temperature-rise .. 

• 

36 • 4 deg. C. 

38-8 deg. C. 

38-8deg.C. 


(iii) Middle cable idle, remainder equally loaded. 

(iv) Middle cable idle, remainder with graded loading. 

(v) Three outer cables around the bottom comer 

equally loaded. 

(vi) Middle cable only loaded. 

(vii) One bottom comer cable only loaded. 

In all cases the idle cables (if any) remained in the 
duct-ways. 

The temperature of the cable sheaths and of the 


The current rating deduced from the tests described 
is based on the sheath temperature-rise at the mid-point 
of the duct system measured on the hottest cable in the 
case of equal loading, or on all cables in the case of 
graded loading, where the rating is taken as the average 
current of the loaded cables. 

The values applying to the various conditions of load- 
ing investigated are shown in Table 12, and correspond to 
a conductor temperature-rise (above undisturbed ground 
temperature at the same depth) of 35 deg. C. They are 


Table 10 


Mid-Sheath Temperature-Rise, Middle Cable idle, Graded Loading on Remaining Eight 

Cables, at April 2nd, 1935 


Position, of cable 


Left-hand outer 


-- 


Middle 

Right-hand outer 

Top row 

Current, amperes .. 

255 

240 

256 

30 


Temperature-rise, deg. C... 

29*5 

29*8 

Middle row 

Current, amperes .. 

191 

Nil 

209 

29-5 


Temperature-rise, deg. C... 

30-5 

27 

Bottom row .. 

Current, amperes .. 

278 

270 

278 

29 


Temperature-rise, deg. C... 

23 

29-5 


surface of the duct cluster were measured by means of 
thermocouples, and a thorough survey of the ground 
temperatures was made by similar couples and resis¬ 
tance thermometers carefully buried at predetermined 
positions around the duct system. 

Some results of the tests are given in Tables 9 to 11 
and Figs. 22 to 27. 


calculated from the measured sheath temperatures, using 
the known internal thermal resistance of the cable, and 
on the assumption that the temperature-rise of any 
cable is proportional to the square of the current which 
it carries. The error due to this assumption will be 
small, since the tests were all carried out at currents 
giving approximately the same temperature-rise. 







Sheath temperature. 
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Table 12 

Thermal Resistivity of the Soil and Current Rating of Nine 0 • 4 sq. in. Concentric 
Plain Lead-Sheathed Paper-Insulated Cables installed in a Nine-Way 
Earthenware Duct, for Various Conditions of Loading 


Conditions 

Date 

Thermal 

resistivity of soil, 
°C. per watt 
per cm3 

Current rating, 
amperes 

All cables loaded .. - 

f Equal loading . 

October 1935 

88 

220 


1 Graded loading . 

November 1934 

98 

215 

Middle cable idle, 

Equal loading -1 

December 1934 

102 

215 

remainder loaded 1 

6 { 

February 1935 

79 

250 


_ Graded loading 

March 1935 

79 

260 

Middle cable only loaded 

•NT ^ . . . . 

July 1935 

93 

358 


Note . Current rating is based on a conductor temperature-rise of 35 deg. C. at the 
mid-point of the duct system: ° 


(i) For equal loading, the temperature-rise taken was that of the hottest cable. 

. (n) ^°. r graded loadu3 S. the temperature-rise of each cable was taken, the rating 
given being the average current of the loaded cables. g 


means. Such an increase scarcely warrants rating each 
cable according to its position in the duct. 

Again taking into account the variation in thermal 
resistivity of the soil between individual tests, it appears 
that leaving the middle cable idle increases the current 



Fig. 2 5. Temperature-rise in ground around 9-way due 
system, with ah cables equally loaded (225 amperes). 


rating of the remainder by only about 5 per cent, and the 
current-carrying capacity of the duct system as a whole 
is therefore decreased by this means. 

The thermal resistivity of the soil has already been 
mentioned, and experimental values determined in the 
course of the tests are included in Table 12. These 


values have been calculated from the temperature 
gradient m the soil surrounding the duct (Fig. 27) on the 
assumption that at a short distance outside the latter the 
heat-flow is uniform and radial. The results, although 
possibly not accurate, show a similar seasonal variation 
to that noted in Section (3), viz. a generally high value in 
he latter half of the year, reaching a maximum in the 


Table 13 


Thermal Resistivity of the Soil at Harlesden 


Month 

Sphere tests, 1036 

Cable tests, 1934-1935 

(Taken from Table 12) 

°C./watt/cm3 

9-in. sphere 
“C./watt/cm? 

3-in. sphere 
°C./watt/cm 3 

November .. 



QQ 

December .. 

. 


VO 

i AO 

January 

_ 



February . . 

— 


79 

March 




April .. 

_ 


79 

May .. 

83 

81 


June .. 

90 

83 


July •• .. 

90 

85 

93 

August 

84 

99 


September .. 

84 

97 


October 

84 

97 


November . . 

85 

89 

88 

December .. 

81 

85 

—- 


+ U h ™' and f° llowed b y a sharp decrease about the end 

• year ’ !? e . low value being maintained until the 
spring, when it rises more gradually. 

More precise tests using the buried-sphere method were 

viouslToh/ 7 Ca f ned out and confirmed the values pre- 
y obtained as well as could be expected, having 
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regard to the non-uniformity of the soil and the fact that 
. the investigations were not made simultaneously. The 
results showing seasonal variation are given in Table 13. 


cases the clay having formed hard, dry lumps, ,, 

others it had remained moist and plastic. 
of moisture-content tests carried out by the Nation 



tnt Viptnity of Duct Line 
taken FROM Harlesden Site in vicin_-- 

Moisture Con tent of Cla _ _____——- | Moiswre contentT 

Position from which the sample was taken 


Sample 


A 

B 

C 


From a point . feet away ^ • 

From apohrTsi to 3 Inches above the duct ■■ - - 

From the layer of clay on top of the .. . . 

HZ are Uy« of clay in close proranity to side of duct . 


Moisture content, 
percentage on 
dry weight 


36 

25 

35 


2 

5 

■9 


Samples B, D. and E were taken from pomts spa cettt of the dry weight, white 

.v Anri- wall. Samples between 19-7 ana duct and att he same depth 

ad the soil shrank away l* * duct whe re this fontent was 36-2 per cent. 

■ere taken along the topear*^ fey eye> 50 me the mo, store 

regularity was plainly 
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The initial heating and final cooling curves shown in 
Figs. 22 and 26 follow mainly a logarithmic law with 
respect to time, although, of course, there is some time- 
lag in the early stages which is more pronounced as the 
distance from the duct increases. Ground temperatures 
at distances greater than 2 ft. from the duct are unaffected 
by even completely cutting off the load (or on first 
switching it on) within a period of two days. On the 
other hand the cables themselves attain about 60 per 
cent of their final temperature-rise (or fall by that 
amount) in the same time. It is of interest to note that 
after about 12 hours from switching off the load the heat 
flow between the duct surface and the cables is reversed. 


soil interface it was 1 deg. C. (4 ■ 5 per cent and 3 • 8 per cent 
respectively of the initial rise), these values occurring 
3 hours after the load was cut off, and the temperature- 
rise in each case reaching within 2 per cent of its initial 
value 6 hours after restoring the load. At a radial dis¬ 
tance of 1 ft. 1J in. from the duct axis the total variation 
was only 0*2 deg. C., i.e. 1 per cent of the initial steady 
rise. 

(c) Correlation of Test Results with Theory 
By using observed temperatures together with methods 
of computing the thermal resistance of each part of the 
heat path set out in Section (4 ){a) of the paper, the 



instance from duct axis - feet 

K4 ' ““ 


be T ° f intermitten t loading can 

plotted the v^ T exa r nation of Fi g* 24, in wlfich is 
plotted the vanation m temperature-rise which occurred 

points in th in the Pil0t holes ' and at Prions 

Ut off r?: S0I T nd the dUCt When the load wa s 
on The > Pen0< ? ° f ° ne hour and then again switched 
temn^i CuTves show that the maximum fall in sheath 

Srstead 6 WaS ° nl y 5 de £‘ C *> i*e. 13*5 per cent of the 

that Ihe t e ™I*’ l nn§ thS Peri ° d ° f n ° load « and 
the load Sri ! Gg f n t0 rfSe again ^mediately 
7 restored * and w as within 2 per cent of its 
initial value at the end of 6 hours. On the iSe cable 

the maximum fall was only 1 - 4 deg. C. while at the duct- 


total _ observed heat dissipation from the cable can in 
certain cases be compared with that which would be 
expected from theoretical considerations. 

Three such cases have been examined as follows:_ 

(1) All nine cables equally loaded, with the duct-ways 

stopped at each end. 

(2) Middle cable idle, remainder equally loaded, with 

all duct-ways stopped at each end. 

(3) One cable only loaded, situated either in the middle 

or m one corner duct-way, with all duct-ways 
stopped at each end. 
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in the first case toe alt 

middle cable sheath ard of the soil at orr nearheat-flow diagram and adding the temperature- 
surface of the duct (both in the homomM1 plane of ton “nto^ ^ wall and cable sheath on the 

flowdrapamhi^ cl“telictod (Kg 21) by the method assumption that the thermal resistance of this portion 

Table 15(a) 

Heat Transfer from Cable Sheath to Inner Wall of Duct 

Temperature of sheath, at mid-point, 47 ^C. 

Temperature of inner wall of duct, 42 8 C. 


Minimum clearance 
between sheath and 
bottom of duct-way, 
inch 

Radiation, 

watt/cm. 

Convection, 

watt/cm. 

Conduction, 

watt/cm. 

Total transfer, 
watt/cm. 

Thermal resistance 
from sheath to duct, 
°C./watt/cm. 

0*86* 

0-1 

0-05 

0-02 

0-01 

0-0242 

0-0242 

0-0242 

0-0242 

0-0242 

0-0074 

0-0052 

0-0052 

0-0052 

0-0052 

0-0098 

0-0206 

0-0284 

0-0448 

0-0602 

0-0414 

0-0500 

0-0578 

0-0742 

0-0896 

102 

84 

73 

57 

47 

. 


described in Section (4)(a), and the temperature scale 

deduced from the total ducfmaterial 

cable and the thermal rcsisti y /watt / cm 3 The 

which has been token as ^83'^ (ass umed 

isotoerma^ mid o < bta^^ ell Th^e 

radiation, convection, and conduc » results are 

methods set. out in Section ^patton wan 

shown m Table 15 {a) and ()• h +t temperature at 

0-078 watt/cm. and the observed ^" dissipation 

the mid-point agrees wi , t 0 • 02 in. between 

assuming a minimum clearance of ab 0 

cable sheath and bottom surface of the duct, 


* Concentric 

of the heat path lies between the limits deduced tom the 

observed temperature of the middle cable. ™ ^ 

qoo r /watt/cm. The resulting values of sheath tern 
peratoreerise are compared with those actuary observed 

&£?•. the corresponding vetoes again ap^mg ctee^ 

Construction of the heat-flow diapram for toe case^_ 
which toe middle cable only was l0 aded (Fig_ ^ ei tem _ 
a considerable discrepancy wall 0 f the 

perature-arop from toe ‘£££XZZ>. 

afrSvity of duct material and 


Table 15(b) 

ta-rtf Sheath to Inner Wall of Duct 
Heat Transfer from Cable Sheat 

Maximum temperature otobeato 50^C 
Temperature of inner wall of duct, ii 


Minimum clearance 
between sheath ana 
bottom of duct-way, 
inch 


0 - 86 * 

0-4 

0-1 


Radiation, 

watt/cm. 

Convection, 

watt/cm. 

Conduction, 

watt/cm. 

Total transfer, 
watt/cm. 

Thermal resistance 
from sheath to duct, 
°C./watt/cm. 

0-0415 

0-0415 

0-0415 

0-0147 

0-0147 

0-0103 

0-0168 1 

0-0197 

0-0353 

0-0730 

0-0758 

0-0871 

_ 

98 

95 

83 


______ * Concentnc. 

strsKWsrsSSs: 

jrSS?s£S=£* s - ss»=?«- “»- 
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heat-flow diagram. Two shunt paths are then introduced 

to that through the duct material P ?' 1° represent the two duct-ways carrying idle cables. 

ougn the duct material. The assumption The approximate points in the main path across which 

Table 16 

_ Mid-Point Temperature-Rise of Individual Cable Sheaths 


All nine cables equally loaded 


Centre duct-way 
Outer middle duct-way 
Outer comer duct-way 


From heat-flow diagram 
deg. C. 


Observed,* deg. C. 


34 

29-5-32-5 

27-30 


34 

31-33 

9 . J5_9 Q 


Middle cable idle, remainder equally loaded 


From heat-flow diagram, 
deg. C. 



30 

34-38 
32-5-36-5 


Observed,* deg. C. 


30 

35-36-5 

33-5 


that no heat passes across the pilot holes mav cfili h* , 

made. y 111 be these shunt resistances are tapped are determined by 

An approximate correction for this effect can be made SXwiX °* beat ' flow dia § ram > and the values 
by considering the analogous electrical resistance net inrwST * n,*?® S ^ Unt resistances are alternatively 

resistance net- 100 ohms and 200 ohms, being approximately twice the 

Table 17 

Total Thermal Resistance from Conductor or a r.nm ~ 

™ that Cable boh 35^“™™ GE °™ D - L °“ 

FatSu”' 600 - vo > t , concen «c Plain lead-sheathed cable. 

~ diameter ol dnct-ways - axia. spacing between duct- 

Depth to axis of duct cluster = 100 cm. 

Thermal resistivity of soil = 90° C./watt/cm? 


T hermal resistance , deg. C.lwattlcm 
Core to sheath 
Sheath to inner wall of duct 
Inner wall of duct to radius E e 
Radius E e to ground surface 

Total 

Loading, watts!cm.: 

From above 
Observed 

Loading, amperes: 

From above 
Observed 


Single-way duct 
(thickness of due 
wall = {") 

Centre cable in a nine-way duct cluster 

Centre cable only loaded 


Assuming no 
heat-flow through 
other duct-ways 

Corrected for 
beat-flow through 
other duct-ways 

All cables equally 
loaded 

30 

54 

5 

50 

30 

54 

59 

34 

30 

54 

26 

34 

30 

54 

87 

302 

139 

0-252 

- 

405 

- 

177 

0-198 

0-2 

360 

391 

I 

144 

0-243 

38 

400 

5 

_ 

473 

0-074 

0-075 

220 

220 

- -~ — - i 


Any cable in a 
four-way duct 
cluster, four cabins 
equally loaded 


30 

54 

11 

156 


251 


0-139 


gram;, when the minimum 
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clearance between cable and duct wall is 0-01 in. and 
when the cable is concentric with the duct-way respec¬ 
tively. The resultant values for the resistance of the 
network (shown in Fig. 28) are 209 ohms and 226 ohms 
respectively, and the thermal resistance of the whole 


Rs 



R s = resistance across duct-way containing idle cables. 

Fig|. 28. -Equivalent resistance network for 9-way duct with 
middle cable only loaded. 


duct section may be deduced as lying between limits of 
26’1 and 28• 3° C./watt/cm. The experimental results 
gave a value of 25-8° C., which is thus in very satis¬ 
factory agreement. 

Neither strict mathematical nor graphical methods 
can be applied when a single loaded cable is situated in 
a corner duct-way of a multi-way cluster. Some idea 
of the total thermal resistance under these circumstances 
can, however, be obtained by comparing the value found 
above for the middle cable with that calculated for a 
similar cable in a single-way duct of the same internal 
diameter, since for a cable in any outer duct-way the total 
thermal resistance will clearly lie between these limits. 
Table 17 shows that there is very little difference between 
the two cases provided that, when the loaded cable is 
in the middle duct-way, some heat is assumed to flow 
across those containing idle cables as provided for above. 

The various components of the thermal resistance, and 
the permissible loading for a conductor temperature-rise 
of 35 deg. C. for some of the conditions under which tests 
were carried out, are given in Table 17. The results for 
a similar cable in a single-way duct and in a four-way 
duct having the same internal diameter, spacing between 
duct-ways, and depth to duct axis are also given in 
Table 17. 

Very little published data exists on this subject but 


Table 18 

Relative Losses in Watts for a Given Temperature, 
on each Cable in a 9-way duct cluster 



Torchio 

E.R.A. 

Outer corner duct-ways .. 

100 

100 

Outer middle duct-ways .. 

85 

73 

Centre duct-way . . 

69 

55 


Torchio* has stressed the importance of rating a cable 
according to the number of duct-ways and the position 
of the cable in the duct cluster. He gives the relative 
watt losses for a given temperature in each cable for 
multi-way duct clusters, expressed as a percentage of 
* See Bibliography, (22). 


the permissible losses in a bank of two by two ducts. 
Unfortunately, the paper omits to give particulars as to 
the internal thermal resistance of the cable, ratio of cable 
diameter to duct diameter, ratio of duct diameter to duct 
spacing, depth of laying the duct system, and thermal 
resistivity of duct material and soil. These are essential 
for comparison with the results of the present investi¬ 
gation. Table 18 gives a comparison between Torchio’s 
figures for a 9-way duct and those of the authors ex¬ 
pressed as a percentage of the permissible loading (in 
watts) of the cables in the corner duct-ways, mean values 
being taken in the latter case. It is improbable, however, 
that the two sets of figures are strictly comparable. 

The latest American data* are much more complete, 
ratings being given for cables of all sizes and of various 
types and voltages when run in air and when installed 
in ducts carrying 3, 6, 9, and 12 cables, in the latter case 
only the outer duct-ways containing loaded cables. The 
conditions corresponding most nearly to those of the 
present investigation relate to a 700 000 circular- mi l 
(approx. 0-55 sq. in.) 7 500-V concentric cable, and the 

Table 19 

Current Rating of Concentric Cables laid in Ducts 

EXPRESSED AS A PERCENTAGE OF THAT FOR THE 

SAME CABLES IN AIR 


No. of cables in duct 



3 

4 

6 

8 

9 

12 

U.S.A. (700 000-circ. mil 

7 500-volt cable) 

75% 


67% 


vP 

cN 

r*—< 

CO 

56% 

E.R.A. (0*4-sq. in. 660- 
volt cable) 

68% 

64% 


49% 




current ratings, assuming equal loading of all cables, 
expressed as percentages of those for the same cables 
run singly in air at the same temperature-rise, are com¬ 
pared in Table 19. The percentage reduction factors 
deduced from the data referred to above would be very 
little affected by the difference in size and voltage in the 
two cases. 

It appears therefore that the reduction due to laying 
in ducts as found by the authors is greater than that 
provided for in other published data. 

(5) CABLES IN AIR 

(a) External Thermal Resistance 

From a large number of tests on various cables in 
various configurations, made at the N.P.L., it has been 
deduced that the total thermal dissipation from the 
surface of cable in air may conveniently be expressed 
as Ah6\l*, where A is the surface area in cm? per cm. 
length, 0 S the temperature-rise in deg. C. of the cable 
surface, and h a constant embodying convection, radia- 
* See Bibliography, (23). 
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Overall diameter of cable, in cms, 


Fig. 29.—Curves showing the constant of heat emission h for both black and bright surfaces. 


tion, conduction, and mutual heating in watts per cm? 
per °C. Values of h for various configurations are shown 
in Fig. 29. The external thermal resistance 0 A is then 
given by 

0 A = llirdhds l ' 4 . . . . (13) 


whence, with the curves for h, the values of Q A were 
determined and used in the fundamental equation (1).* 
Braided and served cables behave as black bodies to 
a sufficient approximation. Plain lead-sheathed cables 
when new have small emissivities which increase with 


Table 20 


Type of cable 

2 single-core L.V. cables D.C. 

2 single-core 
L.V. cables A.C. 

3 single-core cables 

1 and 3 kV A.C. 

3 single-core cables 
20 kV 

3-core belted 1 and 3 kV 

i 

3-core belted 20 kV 

Core 

temp.-rise, 
















deg. C. .. 
Surface 


45 


45 

45 

40 


45 



30 


temp.-rise, 
deg. C. .. 

36-2 

32*2 

28-6 

35-4 

31-5 

37* 1 

34-1 

29-2 

26-9 

34-5 

30-5 ! 

28-5 

18-3 

16-7 

15 


a 

b 

c 

a 

b 

a 

b 

a 

b 

a 

b 

c 

a 

b 

c 


a — Sheath of plain lead-covered cable, b — Serving of unarmoured cable, c = Serving of armoured cable. 


age. If the surface is treated then the black-body 
assumption may usually be made (see Table 8). 

Cables run in air experience usually only the normal 
tarnishing, and after a consideration of tests on cables 


where d is the diameter of the cable and 6 S the surface 
temperature-rise; 8 S can be found exactly by solving the 
equation 

(1 + A) [6 C — 6 S ) = 7 Tdhdg^O'. . (13.1) 


Table 21 


Ambient temperature, °C. 

25 

30 

35 

40 

45 

Cables with 70° C. maximum temperature 

1-00 

0-93 

0-87 

0-80 

0*72 

Cables with 65° C. maximum temperature 

1-00 

0-93 

0*85 

0*77 

0*68 

Cables with 55° C. maximum temperature 

1-00 

0*90 

0-80 

0*68 

0*54 


This was done in a number of typical instances, and 
mean values for 9 S were thereby deduced. These are 
shown in Table 20. 

These mean values were inserted in equation (13), 


and materials, it was decided to take the mean of the 
values for h for " black ” and " bright ” cables, this 


.. * Lythgoe [see Bibliography, (30)] adopts a constant value of 0-0009 for 
the final result, however, not being very different. 


h. 
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assumption having been found to give the best agree¬ 
ment. 

As shown elsewhere,* the effect of change of ambient 
temperature is susceptible of a simple approximation. 
For the standards herein adopted this leads to the rating 
factors shown in Table 21. 

Cables exposed to the sun are liable to an increased 
temperature-rise on account of the solar radiation ab¬ 
sorbed. It is therefore desirable to shield cables from the 
sun without at the same time restricting ventilation, 
which is a natural advantage of outdoor situations. The 


in place of equation (9.1) for cables laid direct, so that 
Maximum peak-hour load = I-\/( a 2 -[- a 2 ) 


a o + 


1 — ctf 


-t/8G 


(9.31) 


in place of equation (9.3) for cables laid direct. The 
resulting ratings are shown in Fig. 17. These are in sub¬ 
stantial agreement with the values given by Melsom and 
Booth,* who followed the same method. Experimental 


Table 22 

Rating Factors for Various Coverings Laid Direct and Run in Air 


Type of cable 

Direct in ground (6) | 

In air 

Up to 0-30 
sq. in. 

0-30 to 0*50 
sq. in. 

Above 0*50 
sq. in. 

Up to 0-30 
sq. in 

0 * 30 to Q * 00 
sq. in. 

Above 0*50 
sq. in. 





(a) 0-96 

0-97 

0-97 

Concentric and triple concentric .. 

1-03 

1-03 

1-03 

(6) 0-99 

0-98 

, 0-97 





(c) 0-99 

0-98 

0-98* 

Twin a.c. 

1-03 

1-04 

1 ■ 05f 

(a) 0-96 

1-00 






(6) 0-98 

1-01 






(c) 0-98 

1-00 

1-00 

D.C. .. .. ■ • • > . • 

1-03 

1-03 

1-03 


1-00 

1-00 





(a) 0-96 

HU 


3-core and 4-core 

1-0311 

1-051[ 

1-07** 

S 

o 

o 

GO 

-f-+ 


SB 





(c) 0-98UH 

■HI 

M. 


Two only 


0-93 

1-00 

1-00 


Three cables in trefoil 

0-92 

0-95 

0-96 

Single-core cables, (a) only .. 

Three cables transposed in 

0-95 

0-98 

1-01 


i same plane 






As above but untransposed 

0-95 

1-01 

1-06 


* 0-99 above 0-75 sq.in. 
+/1-04 for 3-10 kV. 
i\l-00 above 0-75 sq. in, 

$ 1-02 above 0-75 sq.in. 

§ 1-04 above 0 • 75 sq. in. 

{a) Plain lead. 


|| 1-02 for 20 kV. 

If 1-04 for screened cables, 
** 1-10 above 0-75 sq. in. 
■ft 1-05 above 0-75sq.in. 


§§ 1-03 for 10 and 20 kV. 
1111 1-07 above 0*75 sq.in. 
*j[*|[ 0-99 for 10 and 20 kV. 


matter is rather complicated for generalization and refer¬ 
ence should be made to more detailed reports.f 

(b) Time-Constant 

The work of Melsom and Booth,| and earlier E.R.A. 
work,§ shows that a cable in air rapidly attains its final 
temperature, such that no allowance can be made for 
the intermittent or cyclic loads hitherto considered. 
For shorter periods an allowance may be made. For 
example, if ^/(SOjRt) exceeds the continuous rating, 
where t is the duration in sec., S the thermal capacity 
of the cable in joules per cm. length per deg. C., this 
expression may be used in place of the normal continuous 
rating. For peak-hour loading equation (41) of Appendix 
3 is reduced, by making S e vanish as the air has little 
thermal capacity, to give 

9 c {t)l9 c — a 2 (l — e~^ SG ) . . . (9.11) 

* See Bibliography, (6). ' t Ib id -, (29). 

% Ibid., (3). § Ibid., (1). 


(b) Served unarmoured. (c) Bare wire-armour. 

confirmation has been obtained by these authors and, 
more recently, by the E.R.A.I The more usual case is of 
an underground system terminated by cables in air, 
usually single-core tails or short runs. The continuous 
carrying capacity of these may be considerably greater 
than that of the underground sections, but since the peak 
rating factor will usually be much less, the cables in air 
may determine the peak loading of the system and not the 
underground cables. 

(6) RATING TABLES AND CONCLUSIONS 

The ratings deduced as in the foregoing are tabulated at 
the end of the paper (see pages 552 to 557). They refer to 
served but unarmoured single-core cables and to served 
and armoured multi-core cables. For cables laid direct 
the omission of the armouring alters the thermal resis¬ 
tance and the losses. For cables in air the emissivity of the 
covering must also be taken into account. T able 22 gives 

* See Bibliography, (24). Ibid., (28). 
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the rating factors by which the appropriate rating may be 
derived from the tabulated values. 

With ducts the maximum temperature is less for un¬ 
armoured than for armoured cables, and Fig. 30 shows the 
corresponding factors. For small cables the type of con¬ 
struction has a small effect on rating, and the effect of 
design voltage is not material except insofar as the maxi¬ 
mum temperature is affected. Similarly, whether the 
centre point is earthed or unearthed has an influence at 
most of a few per cent. Shaped conductors are of 
advantage for cables laid direct but not as regards cables 
in air or in ducts. Screened- and S.L.-type cables have 
about the same rating, the better thermal dissipation in 
the latter being offset by the increased sheath losses. 
Similarly, with large single-core cables the increased 
sheath losses offset the advantage of conductor separation 
as compared with multi-core cables, while the a.c. losses 
in large multi-core cables are a disadvantage in compari¬ 
son with concentric cables. If wide separations for phase 



0 0-2 0-4 0-6 0-8 1-0 


Size of conducbor ; sq.in. 

Fig. 30.—Rating factors for plain lead-sheathed cables in 

ducts. 

isolation with single-core cables were required, special 
methods of sheath bonding would become desirable or 
necessaxy. 

The tables refer to cables laid in single-way ducts. Fig. 
31 shows the factors by which these ratings must be 
reduced when several cables are laid in a multi-way duct, 
the diameter of the duct-way not being of great impor¬ 
tance over the range commonly employed in practice. 

With smaller cables the rating of a given cable is 
greater when laid direct than when run in air, but with 
larger cables the reverse is the case. The size at which 
the transition occurs varies with the type of cable, but it 
may be taken as roughly true, for the sizes most fre¬ 
quently employed, that where a cable line laid direct is 
terminated by a short run in air it will not usually be 
necessary to vary the size of cable. This conclusion must, 
of course, be modified according to special factors such 
as the grouping of cables, nature of covering, exposure to 
the sun, etc. Where, as is often the case, a multi-core 
cable laid direct is terminated by single-core tails run in 
air the rating of the tails will usually be considerably in 
excess of that of the multi-core cable. 

The ratings for cables laid direct now put forward are 


greater than those in the previous Tables, but with 
alternating current the increase due to the increased 
temperatures is offset by the sldn and proximity effects, 
and sheath and armour losses, now taken into account. 
The ratings for cables in air are substantially greater than 
the previous ratings, the investigations described herein 
having shown that the previous values were unduly con¬ 
servative. With ducts, on the other hand, the present 
ratings are not only much less, particularly with un¬ 
armoured cables, than for cables otherwise installed, but 
are also less than the values previously used. This is 
largely due to the earlier underestimate of the thermal 
resistance in the duct-way and also to the taking into 
account of a.c. losses in the present Tables. Since, how¬ 
ever, difficulties appear to be more frequently encountered 
with cables in ducts than when otherwise run, the decrease 
in rating should not be regarded as unduly conservative, 
although investigations in hand on the causes of these 



Size of conductor, sq.in 

Fig. 31.—Rating factors for multi-way ducts (excluding 
single-core cables). Size of duct-way = 4 in. or 5 in. 


difficulties will, it is hoped, lead to an amelioration in the 
position. 

Ratings for cables in the U.S.A. (Edison Electric 
Institute) are only given for cables in ducts and in air. 
The British and American ratings for nine 3-core cables 
in a multi-way duct agree very closely for corresponding 
cable sizes, although the actual basis is not the same in 
all particulars. Thus a temperature-rise of 65 deg. C. is 
permitted for 4*5-kV cables in the U.S.A., as compared 
with 55 deg. C. in this country, while in the American 
tables cables are assumed to be in outside duct-ways only, 
the British rating being calculated for a 9-way duct. In 
addition the standard frequency adopted differs (60 and 
50 Cycles in the two cases). Correction for all these 
factors would give lower American ratings, but in view 
of uncertainty as to the American assumptions regarding 
resistivity of duct and soil materials, dimensions of ducts, 
and depth of lay, no precise comparison is possible. 
Comparing cables in air with the same temperature-rise, 
the U.S.A. figures for single-core cables are in reasonable 
agreement with the E.R.A. figures, although tending to 
be high on account of the assumption of open-circuited 
sheaths in the U.S.A. For multi-core cables the U.S.A. 
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figures are rather less than the E.R.A. values, the 
difference amounting to some 8 per cent for larger sizes. 
In general, one may say that the main differences 
between the U.S.A. and E.R.A. ratings can be ascribed 
to differences in the maximum and ambient temperatures 
and assumptions made as to the basic conditions of 
installation. 
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APPENDIX I 

Theory of Armour Losses 
(a) Multi-core cables. 

(i) General. 

The losses in the armouring of a multi-core armoured 
cable arise partly from the currents induced by the 
magnetic flux which cuts the armour and partly from 
the losses in the steel, due to the magnetic flux which 
penetrates it. The first may be described as the eddy- 
current losses and the second as the hysteresis losses, 
although certain eddy-current losses should in a more 
accurate calculation be included in the second type. 

In addition the eddy currents in the lead sheath 
exercise a screening effect on the magnetic field due to 
the cores. Let j(J>q be the magnetic potential due to the 
eddy currents in the lead sheath at a point (r, 6) with 
respect to the centre of the cable and let m be cofR s 10°, 
where R s is the resistance of the sheath in ohms per cm. 
Then 

,gL = —to the first term . . (14) 

iro 1-f -jm r 

where f' is the magnetic potential due to the cores. 
Thus the modified field is (1 4" 2 jm) </>'/( 1 + jm) . Since 
m 2 is small compared with unity, the contribution of 
the field of the eddy currents to the losses in the armour 
may be ignored to the approximation here required. 

(ii) Eddy-Current Losses. 

At the surface of the armour the radial induction and 
the tangential magnetizing force are continuous. Since 
the steel is thin, this means that the radial flux is rela¬ 
tively unaffected by the permeability of the steel. Thus 
the eddy currents induced by the radial flux will arise 
as if the steel behaved as a non-magnetic metallic sheath, 
apart from the spiralling effect in the case of wire 
armouring. Neglecting this, the eddy-current losses are 
given by the same formula as for the lead sheath. This 
formula has been given in the text, namely:— 

Eddy-current losses at 50 cycles 
Core losses in all cores 

= 3 ' 2 (r-) (t) 1 + 10-151%lO 1 * 1 (15) 

where c = axial distance of core from centre of cable. 
b = mean radius of armour. 

R A — resistance of armour in ohms/cm. 

R = resistance of single core in ohms/cm. 

(in) Hysteresis Losses, 

The distortion of the field due to the eddy currents of 
Section (ii) is given by an equation similar to those of 
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Section (i), except that replaces m, where m-j is 
oofR A lO*. Since R A and R s are of the same order the 
distortion due to the currents in the armour may 
similarly be neglected. 

Let 

= magnetic potential inside armouring due to 
the steel. 

<f> — magnetic potential in the steel itself due to 
the steel. 

4 >o = magnetic potential outside armouring due to 
the steel. 

<f>' — magnetic potential of core currents. 


A n ~smn9 . . . (16.1) 

1 ^1 

* - W" sia ne (i 6 . 2 , 




id 

^2 


-n 




■W? 

/Lj “ 


y*l I 

.c n sin nQ 
r n n 


(16.3) 

(16.4) 


b 1 = internal radius of armour. 
& 2 = external radius of armour. 


a — bjjb^. 

These equations satisfy the conditions that <f) v <•/>, and 
ro ai fl e continuous at r = 6* and r = 6 2 and that 

'dfpj'bd are also continuous, which means that the 
tangential magnetizing field is continuous. In addition, 
the normal induction is continuous, giving 


at r 


at r 


+ (f >') __ t)(<^ -f- ^') 


c)r 


P- 


br 


fRbjcf) + </>') _ 6(</> 0 + </>') 
hr 


. (17.1) 


. (17.2) 


From these two equations A. n and B n can be found as- 


If the thickness 8 of the steel is small- 

a = 1 — (8/6) 
a w = 1 - (n8/6) 

and equation (19.1) reduces to— 


r zfL; 


7 )-*-»©• 



(19.2) 


Again we may put r — b, where 6 = V&j&g, and obtain— 

S 2Ju/ e \« 2 + (kS/6) 

—\T) 2~mh cos n9 a PP rox - • • < 19 - 3 > 


For simplicity only a single loaded core has been con¬ 
sidered, but equation (19.3) can be made to apply to any 
number by addition. Remembering, however, that the 
series converges fairly rapidly and that a relatively 
minor effect is being considered, it is observed that 
equation (19-3) shows the induction in the steel to be 
roughly p,/[l + n/r§/(26)] times the field due to the 
cores. In conditions similar to those envisaged here it has 
been found that the loss can be considered as an added 
resistance, that is, the hysteresis loss is proportional to 
the square of the flux density, as occurs at low field 
strengths. The field due to the cores is roughly 

0 , 3’\/2Zc/6 2 max. in gauss if I is in amperes, so that 
the hysteresis loss is given by 


P = 2rrtSf2r, watts/cm. (20.1> 


A - 2(/*~l ) !fc\ n /i+1 

n \bj 1 + [2^(l+a 2 «)/(l- a 2n )J + p 2 * (18,1 ^ 

B n = _ 0L n (fX~ 1) _ 

n 'V 1 + [2/x(l+a 2ll )/(l-a 2 ' l )]+ J a 2 ' ^ l8 ' 2 ^ 
B = permeability. 

The radial induction in the steel differs little from the 
aerial induction, whereas the tangential induction is of 
the order of p times the aerial induction. Thus, as is 
otherwise obvious, the tangential induction is much 
greater and need only be taken into account. 

Substituting for A n and B n , the tangential induction 
in the steel is given by 




**“* 7 Ti 

{(m+ i) 

X-—_ — _ &2 

(1 —a 2n ) [1-f 2 j u{(l + a 2?l )/(l-a 2w )}+ i a 2 ] 


cos n6 . . . ( 19 . 1 ) 


/ is 50,and rj is O'001 for the class of steel commonly 
employed and c/6 is 0-5 for most of the cables under 
consideration. Thus equation (20.1) reduces to (for a 
3-core cable)— 

hysteresis l oss _ 0-00046/8\f /x ]2 
core loss in all cores “ RIO 6 \6/{l + (juS/26) J ^ 20,2 ^ 

where R = resistance of one core in ohms/cm. 

The eddy currents which flow along the inside of the 
steel and return on the outside are neglected since the- 
steel is thin. 

(b) Single-core cables. 

It has been stated in the text that single-core cables, 
armoured with non-magnetic material may be employed 
with alternating current, but not if armoured with steel. 
It is therefore of some interest to quote means of calcu¬ 
lating the losses in the former case and to give data on the- 
latter to indicate the magnitude of the losses and conse¬ 
quent disadvantages which have led to its abandonment.. 

. • e sheath and armour losses in a system of three 
single-core cables in trefoil formation armoured with 
non-magnetic material and carrying 3-phase current* 



CABLES FOR TRANSMISSION AND DISTRIBUTION 


547 


is given by an equation similar to equation (3.3), 
namely— 


~ B{R 2 sl + a>\s x + M) 2 } * * * (21) 

where M = 2 log (2sfd)l0 ~' 9 H/cm. 

s x = LR;I{(R S Rj )2 + cu 2 L 2 } 

„ R s {Ra(Es + Ba) + otL 2 } 

* X (R s + R A ) 2 + w 2 X 2 
R s — resistance of sheath in ohms/cm. 

R A — resistance of armour in ohms/cm. 

L — self-inductance of armour due to spiralling. 
S — spacing. 
d = sheath diam. 
r = radius of core. 


For wire armouring 

L = TrWflO- 9 H/cm. . . . (21.1) 

where n — number of turns per cm in lay. 
d 1 == diam. of armour. 

For tape armouring 

L = St r 2 {d 1 /2( i 8 + y)} 2 10~ 9 H/cm. . (21.2) 

where fi = breadth of tape. 

y — distance between successive laps. 

Normally the effect of the armour is to increase the 
losses by reduction of the effective sheath resistance, 
but with copper tape this effect may be made small by 
using a narrow tape and small gaps between turns such 
that the self-inductance L is high, and the resistance 
also high though to a less degree. For example, with a 
0 • 04 in. thick copper tape | in. wide wound with a small 
gap between turns very little increase in sheath losses 
will occur for cables of 0*2 sq. in. distance. Better 
mechanical protection is obtained with bronze, since in 


addition its resistivity is higher and it can be used 
thicker than the copper. Similarly, thick layers or 
several layers of non-magnetic steel can be employed. 

With wire armouring the inductance is not likely to 
be important without winding in so short a lay as to be 
inconvenient and mechanically weak. Thus 

S x — L(R S1 /R A ) 2 ; R sx = R s R a {(R s -|~ Rj) (21.3) 

A ^Rn _ odm 2 _ 

" ~ R {l&[l + {ojLjR A f} + aAM 2 } 

R n w 2 M 2 

~ R (R* sl + aAM 2 ). (22) 


provided R A is large enough. It is then clear that the 
loss varies roughly inversely as the resistance of com¬ 
bined sheath and armour and the resistance of the 
armour must be as large as possible compared with that 
of the sheath to avoid increasing the losses. 

Theoretically there is advantage in decreasing the 
resistance of the armour, if carried to a sufficient degree. 
If R a is made small compared with R s , and if a> Z L 2 is 
still small compared with R 2 then 

*$1 — L and Rs± ~ B ^ {R A fR<i) -f* (uiL/Rg) 2 ^ = eR s 


where e is small. 


Thus 


eco 2 M 2 R s 

R{R 2 e 2 + a r(L + M) 2 } 


(23) 


Now, if R s € becomes less than coM then A will decrease 
as e, or R A , is decreased. To achieve such a condition 
it would be necessary to have a substantially continuous 
envelope of armour such that L is negligible and 


A = co 2 M 2 R a /[R(R 2 a + oj 2 M 2 )] . . . (24) 


whence the losses in the armoured cable become less 
than that in the unarmoured cable when the resistance 


Table 23 

Sheath and Armour Loss as Percentage of Core Loss 


Connection 

Current, 

amp* 

Cable F 

Cable G 

Cable H, 
intertwisted, 
touching 

Touching 

18 in. spacing 

Touching 

-18 in. spacing 



Calculated 

Measured 

Calculated 

Measured 

Calculated 

Measured 

Calculated 

Measured 

Measured 

Unbonded 

100 

1390 

1620 

1390 

I486 

51 

68 

51 

62 

25 


200 

1550 

1758 

— 

— 

123 

139 

123 

134 

35 


250 

1500 

1660 

1500 

1 663 

— 

— 

— 

— 

— 


300 

— 

— 

— 

— 

163 

187 

163 

190 

51 

Sheath and armour 

100 

379 

365 

388 

! 390 

135 

153 

227 

238 

105 

bonded 

200 

385 

399 

392 

417 

162 

167 

233 

238 

110 


250 

387 

419 

■ — 


— 

-- 

— 

— 

— 


300 

— 

— 

— 

— 

173 

179 

236 

240 

115 

Sheath only bonded 

100 

005 

582 

626 

611 

110 

157 

228 

266 

84 


200 

625 

661 

640 

673 

165 

204 

288 

300 

98 


250 

625 

685 

— 

-- 

— 

— 

— 

— 

— 


300 

— 

■ 


— 

192 

243 

290 

332 

109 
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of the armour reaches a sufficiently low value, easily 
calculated, which is of the order of less than coM. In' 
practice so low a resistance would be too costly to 
achieve except with unusually wide spacings, when M 
has a correspondingly high value. 

With steel-wire armoured cables the hysteresis and 
eddy-current losses are important, and it is then found 
that bonding the sheaths and armour as normal decreases 
the losses. This is due to the screening exercised by the 
sheath currents on the core currents which reduces the 
magnetic flux in the armour. A method of calculation 
given by Bosone* has been verified in some experiments 
made by the Standard Telephones and Cable Co., Ltd., 
for the E.R.A. Table 23 gives a comparison between 
experiment and calculation. 

F and G were 0-5-sq. in single-core 33-kV cables. 
Cable F was armoured with 40 steel wires 0 • 128 in. 


inn 



Magnetic force in gilberts/cm. R.M.5. 


Fig- 32. Magnetic properties of steel armour wires. 

diameter with a lay of 8 • 67 in., and G with 52 similar 
wires with a lay of 32 in. A considerable reduction in 
losses with increase of lay is observed. 

Brockbank and Webbf have shown that twisting 
three single-core cables together with the rotation of 
the barrel correctly related to the direction of armour 
la y> results in an increase in the effective lay and, there¬ 
fore, should lead to reduced losses. This condition is 
specified in Table 23 as H (intertwisted) and shows a 
marked reduction in losses but mainly in the unbonded 
case. 

Fig ; 32 shows the magnetic properties of the steel wire 
used in the armour. It is seen that the permeability 
tends rapidly to a constant value close to 300, the value 
adopted in the text of the paper for computing armour 
losses in multi-core cables. It is also clear that the 
hysteresis and local eddy losses are substantially pro¬ 
portional to the magnetizing force, being approximately 
°*8 H* milliwatts per cm? at 50 cycles, where H is the 

* See Bibliography, (25). f 


magnetizing force in gauss (r.m.s.). Taking the maxi¬ 
mum permeability as 300 as shown, this gives 

Loss = 0-00088 Br r ui X ergs/cm? per cycle 

The value adopted in the text for multi-core cables was 
0-001 instead of 0-00088, an unimportant difference. 

Fig. 33 shows some results from tests made for the 
I.E.E. Wiring Regulations Committee by the E.R.A., 
illustrating the effects in cables where they should also 
be large, namely, large low-voltage cables, in this 
instance two 0-75-sq. in. 1-5-kV single-wire armoured 



Current in amperes. 


Fig. 33. Sheath and armour loss in single-wire armoured 
single-core cables. 

cables. As has already been noted, the main effect of 
bonding the sheaths and armour is to reduce the losses 
due to the screening action of the circulating currents. 

It is clear from the examples quoted that, even with 
such ameliorative devices as may be easily applied, the 
losses with single-core cables armoured with magnetic 
material are such as to preclude, in general, their use 
for alternating current. Apart from exceptional cases, 
the economical use of non-magnetic armouring requires a 
material of high electrical resistance, in addition to the 
required mechanical properties. It is, therefore, of 
interest to note the resistivities of possible materials as 
in Table 24. 

Although, as has been mentioned, copper tape can be 
so applied as to give only a small increase in losses and 
although it has actually been employed in certain 
instances, yet it would appear that other metals should 
give more favourable results both from the aspect of 
reduction of losses and for mechanical protection. 
Bronze wires, particularly of the higher-resistance 
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varieties, could be arranged to give small losses and 
much better mechanical protection. Even so, the 
resistance of bronze-wire armouring would be rather 
lower for normal lengths of lay. Brass does not offer 
any great advantages. The best results would seem to 
follow from the use of non-magnetic steel, the additional 
losses due to which could be made negligible, while it 
gives a high measure of mechanical protection. Unfor¬ 
tunately its cost is at present rather high. However, 
armouring is only desirable in certain circumstances, 
while an increased use might well result in a reduction 
of cost. The employment of non-magnetic steel is 
therefore worthy of consideration. 


The solution of (25) must be such that (dOfdx) is zero 
when x = 0, and the solution of (26) must give 6 as 0' r 
when x = co. Both solutions must give the same values 
for 6 and (dd/dx) when x = a. The conditions are satis¬ 
fied by the following solutions of (25) and (26): 



(0' r — 9 r ) n cosh rijx 
n cosh n-^a + n 1 sinh n ± a "" * ” 


(27) 


9 — Or + 

where n 2 


(dr - Q v )n x sinh I h a 
n cosh n ± a -f- n 3 sinh n^a 

= (C/G) and n\ = {CfG') 


a<x< co (28) 


Table 24 


Resistivity of Armour Materials 


Material 

Temperature 

Resistivity, in 
microhms/cm. cube 

Source 

Copper (hard drawn) . . 

40° C.. 

1.85 

Various 

Phosphor bronze 

0° C. 

5-10 

Smithsonian Tables 

Aluminium bronze 

0°C. 

12-13 

Smithsonian Tables 

Silicon bronze . . 

0° c. 

2-4 

Van der Ven 

Bronze .. 

40° C. 

8 • 5 

Manufacturers 

Bronze wires 

20° C. 

3-46 

Tests for E.R.A.* 

Brass (hard drawn) 

0° C. 

8-2 

Siemens 

Iron (pure) 

o°c. 

12-0 

B.S.S. 115 (1924) 

Steel E.B.B. 

0° c. 

10-4 

Bureau of Standards 

Steel B.B. 

0° c. 

11-9 

Bureau of Standards 

Steel, Siemens-Martin 

o°c. 

18 

Bureau of Standards 

Steel, temperecl-soft .. . . .. 

0° c. 

15-9 

Stronhal, Barus 

Steel armour wires 

20° C. 

13-4 

Tests for E.R.A.* 

Non-magnetic steel 

20° C. 

77-6 

Tests for E.R.A.* 

No-Mag .. . . • ■ ' • • 

20° C. 

140 

Ferranti catalogue 


* Tests made for E.R.A. by Standard Telephones and Cables. 


APPENDIX 2 

Effects Due to Finite Length of System 

(a) Longitudinal conduction in conductor and sheath. 

Let the thermal resistance from conductor to the 
ambient temperature (surface of the earth) be G' for a 
long line of the type considered. Let the corresponding 
thermal resistance be G outside the line. Let W be the 
heat generated in the cable conductor, 2 a the length of 
the line, arid 6 the temperature-rise of the conductor 
above ambient at a distance x from the middle of the 
line. If G x is the lengthwise thermal resistance per cm. 
of the conductor and 0 2 the similar quantity for the 
sheath, then the longitudinal thermal conduction at x 
is : —.(l/Cj) (dd/dx) - (1/G z )(d9jdx) towards the end. h is 
the ratio of the sheath to the conductor temperature-rise 
which can be taken as roughly constant for a given cable. 
If < 7 ~i — C-f 1 4- <7 2 — 1 the longitudinal conduction is 
— (1 /C) (dd/dx) and the variation of conductor tempera¬ 
ture along the cable is given by: 

- (G'JC)(d 2 9fdx z ) + 9 = (WG‘) = Or o<x<a (25) 

and - (GfG)(c^9ldx 2 ) + 9 = (WGF) = 6 r a<»< oo (26) 

Vol. 83. 


The maximum temperature-rise of the conductor 9 m is 
at the middle of the line (x — 0) and is given by 


n cosh n x a + n x sinh n x a 

Thus the actual alleviation in temperature 6' r — 9 m 
since d' r is the temperature-rise of a long line, is a fraction 
nj(n cosh n x a + n x sinh n ± a) of the maximum possible 
alleviation (9' r — 9 r ), which occurs if the line is of 
negligible length. In practice n x is usually greater than 
0-01 so that the alleviation is not usually important for 
lengths of line greater than about 200 cm., so that no 
increase of rating due to this cause for a line of finite 
length can normally be allowed. Take for example a 
0-15-sq. in. 3-core cable loaded with 220 amp., giving 
outside a section of high thermal resistance a temperature- 
rise of 50 deg. C. and inside the section a temperature-rise 
of 70 deg. C. If the section were 3 ft. long the alleviation 
due to finite length would be 9 deg. C., but if 10 ft. long 
it would be only 1 • 3 deg. C. 

To determine the limiting error in an experimental 
line the temperature-rise is taken as zero outside the 
section considered. Accordingly (29) becomes: 


35 
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( 6' r — 6 m )/9' r = sech n x a 

_ 2e _re i ffl if n x a > 2 or 3 (30) 

Thus with lines of more than a few yards the error due 
to this cause is negligible since n^a will be greater than 5. 
The error was negligible for the Harlesden duct line. 

The analysis does not take into account the minor 
effect of the variation of the electrical resistance of the 
conductor with temperature. This is included if O is 
replaced by <2/(1 - aGW 0 ), where a is the tempera¬ 
ture coefficient of resistance and TF 0 the heat generated 
in the conductor at ambient temperature and with the 
given current flowing. G' is similarly replaced by 
07(1 - *G'W 0 ). 

(b) Longitudinal conduction of heat in soil and duct 
material. 

The thermal resistivity of materials normally employed 
for ducts does not differ greatly from that of the earth. 
The thermal resistance from the cable to the duct wall is 
neglected, but since this is less affected by finite length 
than if dispersed in equivalent layers of the earth an 
approximation in excess is obtained. Thus cables for 
this connection may be considered as laid direct whether 
this is the case or whether ducts are employed. 

If a cable of length 2a and depth l is assumed to behave 
as a line source of heat of strength W, then the tempera¬ 
ture-rise 0 m at a point in the vertical plane through the 
centre of the line is: 

6 m = IF log {(r + a)(r' - a)/{r' + a)(r - a)} (31) 

where r is the distance of the point from the end of the 
cable and r' is the distance from the end of a similar 
cable formed by reflection in the surface of the earth— 
the image cable. If the duct is long then 9 m becomes 
u r , where 6 r = 2m log pjp', and p and p' are the per¬ 
pendicular distances of the point from the cable'and its 
image. Thus, substituting for p', r, and r': — 


6 m is the actual temperature-rise at the mid point of 
the sheath and dr the temperature-rise for a long duct. 

If the cables are not equally loaded let:— 

9 n = 2W n log [(2x n - y n )fy n ] 

tten* K = M n 

and 9 ' r — 9m = Xn ^ Xn ~ F*)/ lQ g [(2% - yjjjy J 

0m S0» ( ) 

6 n is actually the temperature-rise produced at the 
sheath of the cable in question by the nth cable. 



Fig. 34.—Reduction of sheath temperature due to finite 

length of duct. 


Fig. 34 shows how the magnitude of the effect varies 
with the length of duct line in relation to its depth, 
being less than 5 per cent if the length is greater than 
5 times the depth. For the Harlesden duct the effect 
is of the order of l per cent. The heating from portions 
of the cable run adjacent to the duct line have been 
neglected. In practice this approximation may often 
be made where such alleviation comes in question. If 
the cables continue, however, at the same depth then 
the effect of adjacent portions of the run may be allowed 
for by subtracting from d' r , 6 m , 9 n , etc., the tempera¬ 
ture-rise which would occur at the cable sheath in ques¬ 
tion if the duct had been absent and the adjacent con- 


_ _ wlQ [(a a + p*]i + a] [{a 2 + (21 - p) s }*~ a]p 2 

8 l( a ~ + p¥ + a] [ {' j2 + (2Z — p) 2 } 2 + a](2 1 - pr 

Trios [a + »¥ + 1] [{I + (g» - v)*y - 1V 

0g [a + S/¥ - l] [{l + (2* - yfY + l](2* - J,)» 
= 2Wx(x — y ) approx. .. 


(32) 


where Ija = x and pja — y. Both x and y are less 
than unity and y is a small quantity where the heating 
is important. Let l n be the depth of the nth cable in 
the duct and p n the distance of its axis from the cable 
under consideration. For this latter cable the depth is 
l 0 and the distance p 0 is the radius of the sheath. If the 
principle of superposition be assumed as a first approxi¬ 
mation then, provided the cables are equally loaded: 

d'r — Q m — Xo2Wx n (x n — y n ) 
and Q m - 2TF££log [(2x n - y n )fy n ] 


whence 


Or Ofn Vi9 

0m S log \_{2x n Vn)lyn\ 


• (33) 


ditions had been continuous throughout. Only the 
temperature-rise of the sheath has been considered. The 
relative alleviation of the core temperature is found 
approximately by multiplying the values given in 
equations (33) and (34) by the normal ratio of sheath to 
core temperature-rise. 

(c) Effects due to dissipation of heat at ends of duct 
line. 

If a duct line is terminated by manholes provided with 
ventilation or, as sometimes arises, filled with water, 
the end of the duct and of the surrounding soil, which 
forms a face of the manhole, will be cooled. As a sim¬ 
plified case it may be considered that the manhole surface 
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is maintained at the ambient temperature. This is 
equivalent to maintaining a vertical plane, through soil 
and duct, at the end of the duct line and normal to it, 
at a fixed zero temperature-rise above ambient, since 
the temperature-rise is concentrated in or near the 
duct and conditions at a distance have only a slight 
effect. 

This condition is fulfilled by adding a line "sink” 
(negative line source of heat) at each end of the cable 
and of the same length. At each end of these sinks are 
added line sources of equal length and so forth, giving 
a collinear series of sources and sinks. To each such 
source and sink is also added an image sink or source 
by reflection in the surface of the soil, so that the ground 
surface temperature is constant. 

The mid-point temperature-rise Q m due to the finite 
original duct and image is, from (32): 

6 m = O'r - 2W(x - y) . . . ( 35 ) 

Now x and y are inversely proportional to a, so that 
the temperature-rise 9m due to a cable 3 times the length 
and image is: 

6 m = O'r - (2JQ)Wx(x - y) 

Thus the temperature-rise due to the two additional 
cables at each end and their images is: 

A,0 m = 2Wx(x — jr){ 1 — (1/3 3 )} 

= {l-(I/3 2 )}(<?;-0 m ) . (30) 

Similarly the temperature-rise due to the next two 
additional cables is: 

A 2 0 m = (1/3 2 - l/5 2 )(0/. - d m ), etc. . . (37) 

But Of corresponds to an infinite cable, whence:— 

9 r — 6 m -(- AjA/j -f- A c>d m -{-... 

If <f> m is the temperature-rise with manholes, i.e. the 
temperature-rise due to the combination of sources and 
sinks:— 

(frm ~ Aj^jjj + A ^9 m A 3 0 m • . (38) 

Whence 6' r — <f) m — 2(A 1 0 W -f A 3 6 m -f . . .) 

2(0; - 0 m ){(l — 1/3 2 ) + (1/5 2 - 1/72) + . . .} 

i 

= 2-26 (d' T - 6 m ) 

Thus if manholes normally at ambient temperature 
are present, the alleviation due to finite length of duct, 
which has been calculated in (6), is increased 2-3 times. 
The upper curve of Fig. 34 illustrates this. 

A duct of length less than 10 times the depth may 
experience, if provided with manholes, an alleviation of 
5 per cent of the sheath temperature-rise. This may 
correspond to an increase in rating up to about 2 per cent. 
Thus if an isolated duct is employed to carry a group 
of cables under a road it may be possible to allow a slight 
increase in the normal rating of the duct, but in general 
the alleviation is too small to be taken into account. 
For the Harlesden duct the upper limit of the error in 
sheath temperature-rise due to longitudinal conduction 
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of this type is about 3*5 per cent. The experimental 
evidence, however, is that the actual figure is less and 
inappreciable compared with other causes of variation. 


APPENDIX 3 


Intermittent Rating 


Let the temperature-rise of the core be (9 and associated 
with a thermal capacity /S' per cm. in the cable. Let 9' 
he the temperature-rise of the sheath associated with a 
thermal capacity S e in the earth. Let G e be the thermal 
resistance per cm. from sheath to the earth’s surface and 
G' the internal thermal resistance per cm. of the cable. 
A load I suddenly switched on gives rise to the following 
equations:— 


dd 6-6' BI 2 -1 

dt T + SG' ’ 


(39) 


dd' 6' 0-6' 

dt + S a G e ~ S e G' ‘ 

where R — resistance of cable per cm. 

— Heaviside's unit function. 
t, — time from switching on. 


If p = djdt — 

pO + 


6 - 6 ' 

SG' 



(40) 


(39.1) 


whence— 


p6' + 


6' 

S a G a 


6 - 6 ' 
S e G' * 


(40.1) 


9 


S e G'p + (G' + QJG e ) 


SS e G'-p 2 + p{ {SIX) + S e ] + (1/Gy 


(«) 


but in nearly all cases S e is much greater than S\ Thus 
equation (41) reduces to— 


6 = SeG ' P ± K + G M Q ° ( 42 ) 

SS 6 G'{p + {i/SG')}{p + (1 IS a G e )}‘ 1 
which in turn reduces to— 


6 = Rl 2 [G e { 1 - e-tlSG 1 )] ( 43 ) 

but with greater accuracy we may substitute— 

6' = G E RP{ 1 - e-OSsGs) 

whence— 

6 -6' = G'RlHl - e-OSG') . . . ( 44 ) 

But if I is od 0 , where J 0 is the continuous rating and 
if 6 C and 6 S are the maximum permissible core and 
sheath temperatures respectively: 

J-—Q = a 2 (l - e~V s&f ) . . . (45) 

O' may be calculated more exactly than in the foregoing. 
It will later be shown that—• 

Om °o) =* [3, whence 6'}6 S — a?J3 . . (40) 

where is a known function of t. 
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From equation (45)— 

9 - {a 2 fi)9 s = <x 2 (l — e -«/£»') (0 O — 6 S ) . (47) 

but— 

9j9 c = G e f(G e + <?') = it 

Thus— 

1- = a 2 {(l - e -W)(i - 7c) + 7c/3} . (48) 

The temperature-rise in the soil may be considered as 
due to a constant cylindrical source Q of heat buried 
therein. Such a source in an infinite medium has been 
shown by one of the authors* to give rise to a temperature 
d r at a distance r from the cable axis of: 

•t 

e ~(a 2 +r 2 )l4Du (j / M ) Iq ( ar f2D u ) du . (49) 



and 

4:7Td' 

Qg 


- 0 - 577 - log 2x + Ei{- l 2 /Dt) 


+ e~ 2x 




= _ 0-577 - log 2x -I- e- 2 * log 2 + Ei{- l 2 fDt) 
= - 0-577 - log * -F Ei{- l 2 /Dt) . . (51.1) 


to the second order in x 
But the final temperature 9( co) is 

0(“) = (^/4tt) log 47 2 /a 2 . . 

Thus: 

O' _ Q _ — 0-577 - log x + Ei(- l 2 /Dt) 
9'[™) 1 ~ log (4/r/o, 3 ) 


(52) 

(53) 


where I 0 is a Bessel function of the first land with 
imaginary argument, a — radius of cable. Whence: 


APPENDIX 4 

Current Ratings in Amperes 


47 ~9 r 

~Qg = 


o — U 


-du -I- e-W+r*)Hm 


u 

(r*+a*)l±I)t 


n/JL 

2 2 W 


+ 


rtf i 


where 


P) 

+ wAy? + pp + + ^j) 

JW[— + a 2 )/4Df]t+ e -(« 2 + ?' 2 )/TDf 

_2 2 ly 2 « 

= ar[2D 




+ n> + 


(49.1) 


The following Tables are in substantial accord with the 
E.R.A. Tables of current ratings now in course of issue. 
For standard purposes the E.R.A. Tables, which specify 
the precise conditions of operation and factors for de¬ 
parture therefrom, should be consulted. The rating of a 
cable is essentially dependent on these conditions. 

(a) CABLES LAID DIRECT IN THE GROUND 

Ground Temperature = 15° C. Thermal Resistivity of 
Soil — 120 thermal ohm-cm. 

Table 25.— -Single-Core Cables up to 20 kV 


y\ — (a 2 -f- r 2 )j4B. 

With a semi-infinite medium, e.g. the earth, if r' j 
the axial distance from the image of the cable in th 
earth’s surface: 

4t T0 r r -i r 

Qf = — Ml— + a 2 )/4J)t] + Ei[- (r' 2 -f a 2 )f4Dt] 

4_ e -(« 3 +>'S)/4 djP r±{ 1 J- 

2 2 \y 2 t 


+ 


_ i -(a 2 + r‘ 2 )j4Dl 


ziV_L 

^ 2 Vrp 


:) 


+ y ^)+-" 


(5C 


For the periods in which we are interested the la: 
term is negligible, while for the sheath temperatur 

r = a and r = 21 ’ wllere 1 is the depth of the cable an 
is much greater than a. 

4tt 9' 

• Ei{— 2x) + Ei{~ Ifi/Dt) 

4^2/ 1 1 \ 

2 2 \2^c + + 


Qg 


+ 6 


~2x 


(5] 


where x — a 2 f4Dt. But since x is small 

- Ei(— 2x) = - 0-577 — log 2x 

* See Bibliography, (27). 

priJrtfes eXPOnentiaI integraI funotion - See Jahnke and Emde’s Tables fc 


Nominal 
area of 
conductor, 
sq. in. 

Cables up to 1 ■ 5 kV 

Cables for 
3, 0 and 

10 kV. 
Three cables 
touching in 
trefoil 
formation. 
(Tempera¬ 
ture-rise 

55 deg. C.), 
A.C. 

Cables fur 
iiU kV. 
Three 
cables 
touching 
in trefoil 
formation. 
(Tempera¬ 
ture-rise 
50 deg. C.), 
A.C. 

Two and 
three cables 
touching. 
Unarmoured 
or armoured, 
(Tempera¬ 
ture-rise 
55 deg. C.), 
D.C. 

Two cables 
touching. 
(Tempera¬ 
ture-rise 
55 deg. C.), 
A.C. 

Three cables 
touching in 
trefoil 
formation. 
(Tempera¬ 
ture-rise 

55 deg. C,), 
A.C. 

0-007 

63 

63 

54 



0-01 

74 

74 

63 



0-0225 

121 

120 

101 

99 


0-04 

170 

169 

142 

135 

128 

0-075 

242 

241 

204 

194 

187 ■ 

0-10 

284 

283 

239 

228 

221 

0 • 15 

357 

| 353 

i 299 

282 

274 

0-20 

428 

420 

350 

331 

32] 

0-25 

490 

478 

397 

372 

354 

0-30 

540 

525 

436 

403 

382 

0-40 

624 

608 

502 

464 

442 

0-50 J 

710 

694 

564 

522 

492 

0-75 

895 

835 

675 

640 

601 

1-00 

1 077 

965 

764 



1-25 

1 197 

1 037 

814 



1-50 

1 340 

1 122 

880 


— 




Table 26. —Twin, Concentric, and Multi-Core Cables, 3-20 kV 


CABLES FOR 


TRANSMISSION AND 


DISTRIBUTION 


2 a 
o 9* 

cd ^ 

i •+-» 

r-S 

3 

++ 

© 

CM 

m 

b o 
11 


126 

180 

210 

260 

VO 

© 

co 

341 

37S 



a> i 
£ M 

pyi 

55 

.J— 

o 

r — 1 

o g 

o 

97 

133 

190 

CO 

IN 

CM 

275 

323 

359 

392 

455 

497 


50 

■H- 

o 

Cl 

C/3 

P 

T) O 

On g 


124 

176 

205 

257 

300 

CO 

CO 

CO 

376 



a 

a) 

a) 

1*4 

a 

tO 

55 

© 

S d) 
a g 

o 

rH 

o 

130 

184 

216 

266 

310 

351 

388 

451 

494 

cS 

tm 

o 

CJ 

o 

w 

M 

50 

++ 

o 

<N 

in 

H O 

P -p 
r rJ cj 

P m 


123 

174 

co 

© 

IN 

255 

297 

334 

372 



P 

55 

H 

•g ^ 

O o 
o 

CO 

Oi 

128 

182 

211 

262 

o 

CO 

344 

380 

443 

485 


40 


m 

Ih 

"CJ o 

0 -P 

£< a 


106 

152 

178 

o 

<N 

IN 

259 

299 

327 




50 

o 

i—{ 

CO 

00 

119 

170 

200 

© 

VO 

IN 

291 

331 

698 

427 

i-H 

-x) 

*o 

•t— 

O 

cd Jo 

£ ^ 

A g 

o 

00 

00 

123 

177 

208 

rH 

CO 

307 

348 

386 

446 

491 

•4-4 

’a> 

g 


•!— 

co 


06 

125 

179 

210 

263 

CO 

O 

CO 

© 

-<# 

CO 

387 

447 

CM 

© 

S 

© 

CD 

2 

40 

++ 

o 

CM 

w 

v< P 
c3 o 

»— f p 

P O 


105 

151 

176 

217 

254 

287 

320 



£ 

50 

4-ot 

-SH 

00 

117 

167 

196 

245 

287 

325 

361 

419 

<N 

to 

rH 


1C 

© 

.a 

° § 
o 

00 

oo 

122 

175 

203 

255 

300 

00 

CO 

co 

03 

!> 

CO 

CO 

CO 

T* 

482 


1C 

-I— 

CO 


CO 

00 

122 

175 

205 

258 

302 

344 

382 

<N 

^*H 

oo 

rti 


50 

10 

m 

p 

"CJ o 

97 

136 

194 

228 

287 

335 

© 

oo 

CO 

4 22 

494 

555 


us 

SO 

CD 4-V 

<N 

© 

141 

203 

239 

IN 

© 

co 

356 

401 

443 

517 

583 

d 

d) 

1 

1.0 

co 

A g 

0 

105 

145 

207 

WS 

rH 

IN 

305 

360 

407 

447 

522 

589 

1—4 

s 

H 

50 

10 

cn 

I-H g 

Cti S 

s £ 

•g 'g 

96 

134 

193 

225 

283 

o 

CO 

CO 

373 

91 f 

486 

545 


vo 

CO 

102 

141 

202 

238 

298 

cm 

VO 

CO 

396 

439 

512 

576 


IO 

CO 

o g 

o 

103 

143 

205 

242 

IN 

O 

CO 

357 

CM 

© 

442 

516 

583 

■* 

.a 


10 


101 

140 

202 

238 

300 

358 

401 

r*H 

-H 

tH 

514 

580 

c 

■J3 

| 

55 

co 


102 

141 

203 

239 

rH 

o 

CO 

C3 

UD 

CO 

403 

446 

© 

IN 

VO 

t- 

oo 

VO 

<3 


CO 


co 

o 

l—l 

<N 

204 

240 

304 

so 

CO 

411 

<N 

VO 

526 

009 

Type 

' 

r 

d 

bb 

CD 

r d 

*\ 

0 

m 

•a 

• 

ga of conductor, 

VO 

IN 

IN 

O 

© 

VO 

£- 

O 

O 

r—i 

IO 

rH 

o 

oq 

VO 

IN 

o 

CO 

© 

-n 

© 

VO 


0 

U 

l 

Vi 

0 

Ph 

a 

0 

Voltage, kV 

Nominal ar 
sq. in. 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 


Outer conductor earthed or not earthed. f Centre point earthed or not earthed. i Centre point earthed only. 
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Table 27. Twin, Concentric, and Multi-Core Cables up to 1 kV (D.C. or A.C.) 

Temperature-Rise = 55 deg. C. 


Nominal area 
of conductor, 
sq. in. 

Cone 

:entric 

Twin, circular 

Twin, shaped 

* 

Triple concentric 

Three- and four-core 

D.C. 

A.C. 

D.C. 

A.C. 

D.C. 

A.C. 

3-wire bal¬ 
anced load, 
D.C. 

Three-phase 

A.C. 

• 

Circular, 

A.C. 

Shaped, 

A.C. 

0-007 

0-01 

0-0225 

0-04 

0-075 

0-10 

0-15 

0-20 

0-25 

0-30 

0-40 

0-50 

0-75 

1-00 

50 

59 

103 

143 

205 

' 244 

314 

380 

436 

482 

559 

635 • 
806 

940 

50 

59 

103 

143 

205 

244 

314 

378 

432 

475 

552 

627 

790 

905 

55 

63 

106 

146 

210 

250 

316 

380 

435 

481 

557 

631 

796 

932 

55 

63 

106 

146 

208 

247 

310 

365 

412 

460 

534 

602 

734 

812 

108 

154 

222 

260 

327 

390 

446 

502 

578 

653 

818 

960 

107 

151 

217 

255 

318 

373 

426 

476 

555 

616 '• 
750 

829 

94 

134 

194 

228 

291 

351 

401 

442 

524 

598 

764 

894 

82 

115 

167 

204 

256 

304 

344 

384 

44S 

512 

648 

748 

47 

55 

89 

124 

179 

210 

264 

313 

348 

388 

455 

507 

600 

641 

93 

128 

184 

216 

271 

320 

358 

400 

465 

517 

612 

652 


(b) CABLES IN UNDERGROUND DUCTS 
Temperature of Ground = 15° C. 


Table 28. —Single-Core Cables up to 20kV Run in 

3-Way Ducts 


Nominal 
area of con¬ 
ductor, sq. in. 

Wire- 
armoured, 
temperature 
rise 55 deg. C 

Plain lead sheath. Temperature-rise 

35 deg. C. 

■ 2 or 3 cables, * 
D.C. 

2 cables up 

1 to 1 kV,t 
A.C. 

3 cables up 
to 1 kV,t 
A.C. 

3 cables 3 
to 20 kV,f 
A.C. 

2 or 3 cables, 1 
D.C. 

0-007 

55 

43 

43 

41 


0-01 

75 

60 

60 

57 


0-0225 

105 

82 

82 

77 

79 

0-04 

144 

116 

115 

107 

109 

0-075 

210 

175 

169 

152 

160 

0-10 

240 

207 

199 

178 

181 

0-15 

302 

246 

1 239 

222 

223 

0-20 

359 

292 

278 

257 

260 

0-25 

408 

330 

311 

287 

291 

0-30 

453 

366 

340 

315 

319 

0-40 

532 

430 

392 

363 

362 

0-50 

601 

486 

432 

401 

397 

0-75 

756 

610 

508 

465 

462 

1-00. 

893 

737 

567 

503 


1-25 

1 005 

817 

595 

532 


1-50 

1 115 

902 

618 

553 

— 


* Flat or trefoil ducts. 


t Trefoil ducts only. 
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Table 29.— Twin, Concentric, and Multi-Core Cables up to 1 kV (D.C. or A.C.) 

Run in Single-Way Ducts 


Nominal area of 
conductor, 
sq. in. 

Concentric (temperature-rise 55 deg. C. 

Twin belted and non-belted (tempera¬ 
ture-rise 55 deg. C.) 

Triple concentric (temperature-rise 

55 deg. C.) 

Three- and four- 
core belted and 
non-belted (tem¬ 
perature-rise 55 
deg. C.) 

D. C. 

A.C. 

Circular or shaped conductor 

Three-wire balanced 
load, D.C. 

Three-phase, 

A.C. 

D.C. 

A.C. 

Circular or shaped 
conductors 

0-007 

43 

43 

45 

45 

42 

35 

— 

0-01 

54 

54 

52 

52 

50 

42 

47 

0-0225 

86 

86 

82 

82 

81 

69 

75 

0-04 

116 

116 

120 

120 

111 

95 

101 

0-075 

168 

168 

173 

173 

167 

136 

146 

0-10 

198 

198 

204 

203 

192 

162 

172 

0-15 

248 

248 

255 

254 

241 

206 

211 

0-20 

288 

' 288 

296 

292 

286 

242 

246 

0-25 

325 

323 

337 

326 

326 

275 

277 

0-30 

361 

358 

374 

361 

360 

303 

307 

0-40 

430 

426 

442 

424 

426 

356 

357 

0-50 

493 

486 

505 

482 

486 

405 

400 

0-75 

625 

611 

— 

— 

616 

512 

— 

1-00 

739 

710 



734 

603 



Table 30—Twin, Concentric, and Multi-Core Cables, 3-20 kV (A.C.) Run in Single-Way Ducts 


Type 

Concentric* 

Twin, belted 

Three-core, belted 

Three-core, 

screened 

Three-core, 

S.L. type 

Temperature-rise, deg. C. 

55 

55 

50 

55 

50 

40 

55 

50 

65 

60 








(' " " .. 

t 

A 

1J * 1 " 1 

t 

t 

t 

t 

t 

Voltage, kV .. .. 1 

3 

6 

10 

3 

6 

10 

3 

6 

10 

20 

10 

20 

10 

20 

Nominal area of conductor, 




Circular or shaped 

Circular or shaped 

Circular or 

cshcinprl 

Circular 

sq. in. 


i 


conductors 


conductors 


conductors 

conductors 

0-0225 

87 

87 

87 

88 

88 

85 

75 

76 

73 

.. 

79 

, 

81 

- 

0-04. 

120 

120 

120 

122 

120 

117 

102 

104 

100 

91 

108 

105 

110 

107 

0-075 

168 

172 

172 

173 

171 

166 

146 

147 

143 

127 

151 

146 

153 

148 

0-10 

200 

203 

204 

203 

201 

196 

171 

173 

167 

148 

177 

171 

179 

174 - 

0-15 

253 

252 

253 

257 

255 

246 

215 

217 

209 

186 

222 

217 

226 

219 

0-20 

300 

299 

294 

304 

302 

288 

253 

254 

244 

218 

258 

254 

263 

257 

0-25 

338 

340 

337 

344 

341 

324 

286 

288 

276 

245 

291 

235 

297 

290 

0-30 

372 

372 

370 

373 

372 

356 

313 

313 

301 

268 

318 

311 

325 

315 

0-40 

437 

437 

435 

434 

439 

416 

364 

361 

349 

— 

365 

■ 

374 

— 

0-50 

496 

495 

494 

490 

486 

466 

406 

406 

392 


414 


420 



* Outer conductor earthed or not earthed. t Centre point earthed or not earthed. t Centre point earthed only. 
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The current 


Nominal area 
of conductor, 
sq. in. 


0-007 

0-01 

0-0225 

0-04 

0-075 

0-10 

0-15 

0-20 

0-25 

0-30 

0-40 

0-50 

0-75 

1-00 

1-25 

1-5 


WHITEHEAD AND HUTCHINGS: CURRENT RATING OF 

(c) CABLES IN AIR 
Ambient temperature = 25 deg. C. 

ratings in Tables 31 to 33 are not finally agreed values but are given for the purpose of indication. 
Table 31.—Unarmoured (Served ) Single-Core Cables up to 20 kV. 

Cables up to 1-5 IcV (temperature-rise 45 deg. C.) 


2 or 3 cables, 
D.C.* 


54 

63 

108 

a 

161 

230 

275 

356 

428 

497 

560 

6S1 

796 

1 033 
1 223 
1 418 
1 597 


2 cables, A.C. 


54 

63 

108 

148 

219 

262 

344 

413 

480 

543 

660 

753 

935 
1 070 
1 180 
1 267 


3 cables, A.C., 
flat 


51 

61 

101 

142 

208 

250 

328 

385 

447 

505 

637 

716 

861 
958 
1 032 
1 095 


3 cables, A.C., 
trefoil 


49 

60 

97 

136 

200 

241 

317 

374 

430 

482 

578 

665 

842 
962 
1 062 
1 154 


3 cables for 3, C, and 10 kV 
(temperature-rise 45 deg. C.) 


Flat 


106 

149 

215 

259 

338 

402 

461 

513 

637 

713 

857 


Trefoil 


103 

144 

208 

249 

326 

387 

443 

496 

595 

681 

861 


* Served only or armoured and served. 


3 cables for 20 kV (lumper, 
ture-rise 40 dog. C.) 


Flat 


147 

209 

249 

320 

379 

433 

479 

600 

657 

793 


Tlofr.il 


141 

207 

240 

310 

367 

420 

466 

553 

633 

SOI 


conductor, 
sq. in. 


0-007 

0-01 

0-0225 

0-04 

0-075 

0-01 

0-15 

0-20 

0-25 

0-30 

0-40 

0-50 

0-75 

1-00 


Concentric (temperature-rise 

45 deg. C.) 

D.C. 

A.C. 

45 

45 

54 

54 

86 

86 

124 

124 

186 

186 

224 

224 

i 289 

289 

352 

350 

405 

402 

457 

453 

547 

542 

635 

629 

830 

812 

1 002 

963 


Twin (temperature-rise 45 deg. C.). 
Circular or shaped conductors 


Triple concentric 
(temperature-rise 45 dog. C.) 


Ihrec- and four- 
core halted and 

nun-bulled 
(temperature-rise 
' ,r ‘ deg. C.) 


Circular or shaped 
conductors 
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Table 33. —Twin, Concentric, and Multi-Core Armoured Cables for 3 to 20 kV. 


Type 

Concentric* 

Twin, belted 

Three-core, belted 

Three-core, 

screened 

Three-core, 
S.L. type 

Temperature-rise, deg. C. . . 

45 

45 

40 

45 

40 

30 

45 

40 

45 

40 








t 

t 

t 

t 

t 

+ 

t 

t 

Voltage, kV . . 

3 

6 

10 

3 

0 

10 


6 

10 

20 

10 

20 

10 . 

20 

Nominal area of conductor, 




Circular or shaped 

Circular or shaped 

Circular or 

Circular 

sq. in. 




conductors 


conductors 


i cl Jj t5 d 

conductors 

conductors 

0-0225 

95 

94 

94 

97 

90 

91 

S3 

83 

80 


91 


95 


0-04 

132 

132 

133 

136 

135 

129 

118 

118 

114 

99 

128 

124 

133 

129 

0-075 

193 

193 

194 

200 

199 

187 

175 

174 

168 

144 

185 

180 

192 

188 

0-10 

230 

230 

231 

239 

238 

222 

210 

209 

200 

173 

221 

214 

229 

224 

0-15 

294 

293 

295 

307 

305 

288 

269 

267 

257 

218 

281 

276 

294 

283 

0-20 

344 

344 

345 

367 

365 

344 

320 

319 

306 

256 

337 

327 

350 

338 

0-25 

409 

409 

408 

423 

420 

393 

367 

368 

353 

295 

385 

374 

400 

386 

0-30 

463 

463 

459 

473 

469 

439 

411 

416 

392 

331 

431 

414 

444 

428 

0-40 

550 

547 

543 

559 

555 

521 

486 

487 

404 

— 

503 

— 

523 

— 

0-50 

635 

630 

627 

637 

631 

592 

551 

553 

524 

— 

568 

— 

594 

-. 


* Outer conductor earthed or'not earthed. f Centre-point earthed or not earthed. t Centre-point earthed only. 
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Mr. J. R. Beard: The Bibliographies at the ends of 
these two papers show to what a large extent The 
Institution has been responsible through its Journal for 
making available information on the current rating of 
cables. It is therefore worth recalling The Institution’s 
pioneer work in promoting organized research, parti¬ 
cularly in this subject. This began about 1909, when 
our Wiring Rules Committee were able to enlist the help 
of the National Physical Laboratory and of the cable 
makers in an investigation on the heating of cables with 
current, the results of which were embodied in a paper 
by Messrs. Melsom and Booth* in 1911. This was the 
beginning of the work now carried further by Messrs. 
Booth, Hutchings, and Whitehead. At the conclusion 
of Messrs. Melsom and Booth’s paper some preliminary 
results were given comparing a small cable laid under 
various conditions, including that of being buried in the 
ground, and the authors made the comment: "The 
question of the heating of buried cables is a most im¬ 
portant one. It has been somewhat outside the scope 
of the present work, however. So far as the authors are 
aware no attempt has been made by the engineers 
responsible for large cable systems to deter mi ne the 
temperature-rises on cable as laid.” 

Many of us who still feel comparatively young can 
remember the extraordinary ignorance of supply en¬ 
gineers as to the ratings of millions of pounds’ worth of 
cables which they utilized, and how long it took to 
tackle the problem systematically. Much of the credit 
for doing this is due to this country and particularly to 
The Institution, who before the War (in 1913) set up a 
Research Committee, one of the first actions of which 

* Journal I.E.E., 1911, vol. 47, p. 711. 


was to appoint a Buried Cables Research Sub-Committee 
under the Chairmanship of Mr. Duddell and, on his 
death, of Mr. J. S. Highfield. A report by Messrs. 
Melsom and Booth on existing knowledge on the subject 
was prepared for the Sub-Committee and published in the 
Journal in 1914.* 

The importance of research was emphasized by the 
War, and in July, 1915, the Government set aside 
£25 000 for the promotion of scientific and industrial 
research, from which a grant was made for The Institu¬ 
tion ; a portion of this was allocated to the Buried Cables 
Sub-Committee. During the following years work was 
done at the N.P.L. and under Prof. Marchant at Liverpool 
University, but naturally under difficulties. It was 
mainly concerned with cables themselves and with cables 
laid in air, in ducts, and on the solid system; and did not 
deal with the important growing problem of armoured 
high-voltage cables laid direct in the ground. This 
particular aspect was brought prominently forward in 
our North-Eastern Centre by Mr. Charles Vernier, the 
mains engineer of the Newcastle Electric Supply Co.: so 
much so that the Council adopted the unusual procedure 
of appointing a special North-East Coast Sub-Committee 
to work in parallel with the original Buried Cables Sub- 
Committee and to deal with this particular aspect. Mr. 
Vernier, as chairman, and Mr. Fawssett and I as repre¬ 
sentatives of the North-Eastern Centre, had with us on 
that Sub-Committee Mr. Melsom (who was then at the 
N.P.L.) and Messrs. Welbourn and J. F. Watson, repre¬ 
senting the Cable Makers' Association. This Sub-Com¬ 
mittee did a considerable amount of research both at the 
N.P.L. and at the test-room of the Newcastle Electric 

* Journal T.E.E., 1914, vol. 52, p. 780. 
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Supply Co., but on the formation of the British Electrical 
and Allied Industries Research Association in 1920 its 
work and that of the Buried Cables Sub-Committee was 
transferred by The Institution to the new body, which 
dealt with the combined cable research through a com¬ 
mittee under the chairmanship of Mr. Vernier. It was a 
great loss to cable research when he died some years 
later, but most of those who were associated with him 
in this early work, including Messsrs. Fawssett, Melsom, 
Booth, Welbourn, and myself, have for nearly 20 years 
continued to take an active interest in it. The earlier 
results were contained in the E.R.A. Reports published 
in the Journal in 1921 and 1923.* In the intervening 
15 years much further work has been done, the latest 
results of which are given in the paper by Messrs. White- 
head and Hutchings. 

I would call attention to four items of special interest 
in the paper of Messrs. Whitehead and Hutchings. They 
are: (1) Development of technique for measuring soil 
resistivity on site. (2) The depth rating factors for 
depths up to 18 ft. given in Table 5. (3) The group 
rating factors given in Figs. 13-16. (4) The effect of 

intermittent loading (Fig. 17). 

The depth rating factor is of particular interest, as 
until this work was done many engineers were under the 
impression that the heating of a cable buried at 18 ft. 
would be cumulative and that such a cable would have 
practically no rating, whereas it will be seen that the 
rating is only reduced by 15 to 20 per cent on account 
of the depth of laying. 

One very important result of these researches to the 
cable user is that it is now possible to put upon the cable 
maker who supplies and lays a complete feeder cable the 
responsibility for checking conditions during laying, for 
increasing the section where necessary, and for giving at 
the conclusion of the contract a guarantee of the specified 
carrying capacity. In other words, the user can now buy 
a complete feeder cable of definite capacity, just as one 
can purchase from an alternator manufacturer an alter¬ 
nator of a definite output. 

Dr. Ezer Griffiths: Messrs. Whitehead and Hutch¬ 
ings refer to measurements which we have carried out of 
the thermal resistivity of soil by the " buried sphere ” 
method. It may be of interest to amplify their account, 
as this is a subject to which we have devoted much atten¬ 
tion. These activities had their origin in a discussion I 
had with Mr. Wedmore on the question of thermal- 
resistivity data. 

Our first series of experiments were carried out with 
4-in. diameter spheres, with thermo-elements distributed 
in the ground in the vicinity of the heated sphere and also 
some attached to the sphere surface. It was found that 
when the temperatures were plotted against reciprocals 
of the distances, measured from the centre of the spheres, 
the results would fall on a straight line as required by 
theory, except that the temperature of the shell was a 
little higher. This discontinuity in the vicinity of the 
sphere surface we believed to be due to a change in the 
properties of the soil in that region. We then carried out 
a further series of experiments using a 9-in. sphere and a 
different set-up of the apparatus. 

Working with a large sphere it is possible to get the 

* Journal I.E.E., 1921, vol. 59, p 181; and 1923, vol. 61, p. 517. 


true resistivity of the soil by measuring temperatures at 
two points in the soil and not taking into account the 
temperature of the sphere surface. At the same time it 
must be remembered that the cable-layer is concerned not 
so much with the true resistivity as with the effective 
resistivity: hence the practice of taking the tempera¬ 
tures at the sphere and at a remote point. 

I think the question of soil resistivity merits still 
further study to clear up some of the obscure effects ob¬ 
served. We have devised an apparatus for measuring the 
resistivity of soil under load. This is shown in Fig. A. 
It enables us to apply to the sample loads up to a ton or 
so per sq. ft., and to determine the effect of pressure on 
the volume and the resistivity. 

The sphere method can also be used to obtain the 
thermal diffusivity of the soil. With an electrically 
heated sphere it is possible to vary the temperature of 
the sphere so that it follows approximately a sinusoidal 



curve. The spherical heat waves travelling outward 
from the .sphere decrease in amplitude as the distance 
from the sphere increases. The amplitude and time- 
lag of the system of heat waves are measured at two 
points in the ground at a known distance apart. From 
measurements of these quantities two independent 
estimates of the diffusivity can be obtained. In practice 
it was found convenient to cause the temperature of the 
copper shell to follow a sine curve with a 6-day period. 

The theory of the method is as follows: The tempera¬ 
ture of the surface of the sphere is given by the equation 


d — d 1 + A x sin cot 

where d 1 and A x are constants and co = 27r/period, The 
general solution of the differential equation for the heat 
flow for the above case is 


Ae~ 


.a.7 


sin (cot — ocr) + 


rjdi 


S 0 ) 


+ On 


where A. is a constant, r x is the radius of the sphere, Q 1 is 
the (constant) mean temperature of the sphere surface, 
and 
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D being the thermal diffusivity. By examination of the 
above expression it can be seen that the temperature at 
any point in the ground performs a sine wave of amplitude 
Ae~ m 'fr about a mean temperature 


(#1 


0q) 


+ 9 ( ] 


with a time-lag ar/rn (reckoning from the centre, where 
r — 0). Hence from the experimental data two quanti¬ 
ties—amplitude and the time-lag—can be obtained which 
permit of the calculation of the thermal diffusivity. The 
two methods of calculation are as follows :— 

By ratio of amplitudes .—If the ratio of the amplitude 
at a distance a from the centre of the sphere to that at a 
distance 6 is m, then 


a 


co 

2D 


b — a 


log e 


'ma\ 

T ) 


By time-lag .—If on the sine curves representing the 
temperatures at points distant a and b respectively from 
the centre the time-lag between corresponding readings is 
T, then 

b ../^__23L 


V 


\2 DJ (b - a) 


or 


D = 


(6 - a) 2 
2 wT 2 


Mr. F. W. Purse: When they were preparing the 
Tenth Edition of the I.E.E. Wiring Regulations, the 
Wiring Regulations Committee of The Institution found 
that the tables of cable ratings given in the Ninth 
Edition required revision to bring them into line with 
modem conditions, and it was in that connection that 
the E.R.A. carried out a great many of the investigations 
which are recorded in these two papers. 

It is difficult to apply always in practice the results, 
without deviation, which are set out in the papers. In 
certain cases, if we were to follow the authors’ recom¬ 
mendations we should not be able to employ cables at 
all because, for example, the temperatures of hot flues 
through which cables have occasionally to pass must be 
almost up to the limiting value for cables. I also have 
particularly in mind certain cases which affect under¬ 
ground cables, where supply engineers are faced with the 
question whether it is better to switch off the supply or 
to run the cable beyond the temperature limit. We are 
told that in certain circumstances it is safe to run at 
10 to 20 per cent above the current rating for an hour or 
two, and I should like to know what would happen if in 
cases of emergency we ran at, say, 40 per cent above the 
rating for half an hour, or some such other variations. 

I suggest that the application of the authors’ results 
would be made very much easier if the complete tables of 
cable ratings were given, and I hope that these will be 
included in the papers when they are published m the 

^ j£. h. Rayner: When considering the current 

densities at which small cables can be run I am reminded 
of a saying of Lord Kelvin some 80 years ago, that a man 
who is very thin will keep warmer if he has no clothes 

* The Tables have now been included., 


on; his clothes really act as a method of getting the heat 
out of him. It may therefore be possible to run a fine 
wire covered with insulating material at a higher current- 
density than if it had no covering at all. 

As I have been in some degree responsible for the 
initiation and carrying-out of some of the work described 
in the papers, I hope that the information cannot fail to- 
be of value to cable engineers. Definite information is 
now available on the heating of cables in normal use and 
in abnormal circumstances, which ought to enable eco¬ 
nomies to be made, aggregating in time a very large 
sum. The papers represent the results of work which 
could hardly have been carried out except on a co¬ 
operative basis, guided by representatives of the supply 
and manufacturing industry. 

Attempts in the past to assess the carrying capacity 
of cables when on commercial loads have not afforded the 
steadiness of conditions necessary for satisfactory results; 
but it may be that, with the information now available, 
cable engineers may think it worth while to do some work 
on cables carrying commercial loads, and information of 
this land, complementary to the work under laboratory 
conditions, could not fail to be useful. 

The service required of cables and other electric plant 
is governed by experience. Above a certain load, de¬ 
pending in part on loading conditions, experience shows 
that failures may, in time, be encountered. Experience 
dictates the limits of operation, while the causes of the 
limits may be subjects of research, leading to modifica¬ 
tions in design and use. Learning from failures is a most 
important basis of improvement; and I suggest for the 
consideration of the Transmission Section Committee that 
cablelaying, maintenance, and usage, might form a subject 
for a valuable informal discussion and exchange of 
information. 

I understand, for instance, that the experience of some 
cable engineers is that, if a certain minimum size of man¬ 
hole is not available, trouble at bends, etc., may occur 
which would not be likely to happen if more generous 
provision were provided for bends, etc. Another subject 
might be the effect of short-circuits on transmission 
cables, due to thermal expansion or other causes. One 
knows that the core may lengthen very considerably 
under such conditions, and cause trouble at joints. On 
the other hand, when carrying out tests for the E.R.A. 
on a straight run of 500 ft. of 3-phase cable at the N.P.L. 
some years ago, we found that the lead covering kept t e 
same length as the copper. . The cable was not provided 
with the usual end fittings, and there were no sudden 
overloads. There was sufficient friction between the 
copper and the paper, and between the paper and the 
lead, for the copper to force the lead to expand equally. 
It would be of interest to learn how the results of sudden 
overloads affect cables of different types and sizes. _ 

The papers are so full of details that cable engineers 
who have not been familiar with the course of the experi¬ 
ments involved can hardly have considered them at all 
critically and have endeavoured to see what light they 
may throw on their own experience. They are of a type 
which it might be useful to have in print 6 months before 
being discussed, in order that the correlation of engineer¬ 
ing experience and research experiments mig ® more 
adequately dealt with. 
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Dr. A. H. M. Arnold: Those who have changed over 
from d.c. to a.c. supply will be relieved to find that in 
the majority of cases they will not have to de-rate their 
cables. Most^cables are of less than 0*5 sq. in. cross- 
section, and with these sizes almost no reduction in rating 
is required, except in those instances where the cables are 
far apart. Above 0 • 5 sq. in. the a.c. losses increase con¬ 
siderably faster than the d.c., but what is the advantage 
of using these large sizes of cable ? 

Messrs. Whitehead and Hutchings quote two formulae 
of mine for calculating the proximity losses in large 
cables, namely equations (2.2) and (2.3) in their paper. 
The first, for single-phase systems, is very simple; while 
the second, for 3-phase systems, is not quite so s im ple. I 
should, however, explain that there is no real difference be¬ 
tween single-phase and 3-phase systems, and the two for¬ 
mulae must be equally complicated. Equation (2.2) was 
developed in the course of a research on single-conductor 
cables where, owing to the presence of the lead sheath, the 
cores were necessarily far apart. For such a condition 
the proximity effect can be taken as being proportional 
to the square of the separation between the cores, and a 
very simple formula is adequate; but, if the cores are 
brought very close together, as happens where the cores, 
single-phase or 3-phase, are contained in a single sheath, 
then the proximity effect is proportional to a much higher 
power than the square, so that that formula would under¬ 
estimate the losses and a more complicated formula is 
necessary. Equation (2.3) is a more complicated formula 
for the 3-phase case, but there is a similar formula for 
single-phase cables which should also be used for 
twin-core. 

The second of these formulae is misquoted by the 
authors. The point is a minor one, but in the denomi¬ 
nator of that equation we have 



and strictly speaking it should not be y but the equivalent 
of y for the factor aq instead of x. This makes a slight 
difference to the answer.* 

Mr.. T. N. Riley: The limiting temperature-rises 
stated in the paper are arbitrary figures, not deter min ed 
by fear of electrical damage to the insulating material. 
They are mechanical limits rather than electrical ones. 
If those temperatures are exceeded, mechanical troubles 
may be set up through expansion and contraction of the 
sheathing and compound causing more or less permanent 
voids, and, particularly in duct sections, through expan¬ 
sion and contraction of the sheathing. Improvements in 
dielectric structure in the future may render a greater 
range of temperature safe and would result in increased 
ratings. 

Mr. Purse asks what would happen to a cable if a 
serious overload persisted for some time, so that the 
temperature rose considerably above normal. Exclijd- 
Mg, of course, fault currents, there would be no fear of 
immediate breakdown of the cable, since it would be 
(temporarily, at any rate) a full cable, and the thermal 
i esistivity would be at its lowest level. Possibly when it 
reached cool conditions again its thermal resistivity would 

* The formula has since been corrected. 


be higher than before, owing to the creation of voids in 
the dielectric. How far permanent damage would be 
done would depend on the type of cable and the normal 
operating voltage. 

Arbitrary figures have been taken also for the thermal 
resistivity of the dielectric; for the lower-voltage cables 
this figure is 750 thermal ohms and for the high-voltage 
cables it is 550. These values are based on practical 
experience as to the homogeneity of structure which it is 
possible to secure during manufacture and maintain in 
service for the different insulation thicknesses. Expan¬ 
sion and contraction of compound, creating voids, also 
causes increased thermal resistivity, though as the voids 
fill up again at the higher loads this effect is not so 
important unless there is permanent longitudinal dis¬ 
placement, as sometimes occurs. If special impregnating 
means are employed to avoid the creation of voids, as in 
the case of cables of 33 kV and over, it is quite practicable 
to come down to a value of the order of 400 thermal ohms. 

With regard to the thermal resistivity of the ground, 
many soils which may differ appreciably in structure are 
frequently classified under one head, and caution should 
be exercised in using tabulated values of thermal re¬ 
sistivity. The term “ clay ” may include, for instance, 
soils of a wide range of thermal resistivity. London 
clay is totally different from Newcastle clay, which has 
the lowest thermal resistivity of any soil in this country, 
apart from solid rock. It is particularly highly com¬ 
pacted, probably as the result of the superimposed ice 
load when covered by a glacier in earlier ages. 

The depth-correction factors quoted in the paper refer 
to homogeneous soils. In very many localities the 
characteristics of the soil vary with the depth. Some¬ 
times, for instance, there will be surface layers of made 
ground of high resistivity down to 4-5 ft., with clay 
below. As the clay is approached, the thermal resistance 
begins to drop, instead of continuing to increase with 
depth. A minimum value is reached a short distance 
into the clay and then, deeper down, the ordinary depth- 
correction applies again. Where there is clay over chalk, 
as in some of the London areas, the reverse effect may be 
displayed and the thermal resistance may increase more 
rapidly than the depth-correction factor indicates. It is 
necessary to take a thermal-resistivity measurement at 
the depth at which the cables are to be laid; it is not 
satisfactory to take the figure at another depth and 
assume that it can be used with a correction factor to 
indicate the conditions at other levels. 

Fig. 6 of the paper by Messrs. Whitehead and Hutch¬ 
ings shows the reduction in internal thermal resistance 
due to the use'of shaped conductors. On the other 
hand, when the diameter of the cable is smaller the 
external thermal resistivity is increased. With higher- 
voltage cables these effects nearly balance, and there is 
astonishingly little difference in the currents which the 
cables will carry. The shaped conductors have only 
slightly higher ratings. 

With regard to the duct system of cable-laying, it is 
interesting to note the marked effect of eccentricity of 
the cable in the duct. Of the three ways in which the 
heat is disposed of between the cable and the duct, 
namely convection, conduction, and radiation, two 
change relatively little with change of position in the 
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duct, but conduction changes very greatly. If the cable 
is “ snaked ” in the duct, so that it stands away from the 
floor, there may be an appreciably higher temperature- 
rise locally at that point than at other points where it is 
in contact with the face of the duct. 

Mr. H. W. Baxter: The paper by Messrs. Whitehead 
and Hutchings deals with the emergency rating of paper- 
insulated cables but gives no similar data for vulcanized- 
rubber cables in buildings. This emergency rating is 
clearly of some importance, as the I.E.E. Wiring Regu¬ 
lations (Tenth Edition) permit a temperature of 140° F. 
for relatively long periods, although 120° F. is the 
recognized working temperature. 

These cables are frequently protected by fuses, and 
ideally the performance of the fuse should be properly 
matched to the cable characteristic if damage to the 
insulation on overload is to be prevented. This cable 
characteristic can be determined from the heating curve, 
providing the maximum permissible temperature-rise is 
known. For example, Fig. B shows a family of heating 
curves for a vulcanized-rubber cable which, when loaded 
continuously at 15 amperes, attains the recognized 



Fig. B,—Heating curve for 15-ampere vulcanized-rubber 
cable. Rated current I — 15 amperes. 

temperature-rise of 20 deg. F. On 25 per cent overload 
this temperature-rise is attained in Z\ minutes (Point Q). 
Hence the fuse should blow in 3-|- minutes on 25 per cent 
overload if this temperature-rise is not to be exceeded. 
The procedure is similar for other overloads. At 50 per 
cent overload the corresponding time (Point P) is 
2| minutes, and so on. Replotting these points gives the 
cable characteristic shown in Fig. C, Curve P. 

It is recognized that under emergency loading con¬ 
ditions this 20 deg. F. rise may be exceeded. Curve R 
of Fig. C assumes a, tolerance of 10 deg. F. on the heating 
of the cable, corresponding to a maximum rise of 
30 deg. F. under overload conditions. The Wiring Regu¬ 
lations imply a tolerance of 20 deg. F., and if this could 
be reduced (this would imply more precise fusing) the 
cable rating could be increased and a corresponding saving 
on the cost of an installation would result. 

These cable characteristics are based on the assump¬ 
tion that the temperature of the cable should not exceed 
a predetermined figure, but I should be interested to 
know to what extent this could be modified in practice. 
We can run a cable at 120° F. (20 deg. F. rise) indefinitely, 


and the Wiring Regulations permit 140° F. for 4 or 
5 years. Could not even higher temperatures be tolerated 
for shorter times ? It would be useful to know just how 
hot one could run a cable for, say, 1 second, 1 minute, and 
1 hour, without damaging the insulation. If this infor¬ 
mation were available it should be possible to draw a 
curve such as Q in Fig. C. This is based on a rise of 
20 deg. F. on sustained rated load, and assumes that for 
short periods this rise may be exceeded, the permissible 
temperature increasing as the time is reduced. On this 
basis the emergency rating of the cable would be some¬ 
what higher than the values suggested by the authors, 
more especially for the shorter-period loadings. 

Mr. W. H. Lythgoe: I strongly support Mr. Purse's 
plea that when the papers are finally printed in the 
Journal they be accompanied by the complete tables of 
cable ratings. 

I should like to make one or two observations on 
the paper by Messrs. Whitehead and Hutchings. On 



Time (minutes) to attain working temperature 

Fig. C. —Characteristics of 15-ampere vulcanized-rubber 

cable. 

Curve P. Temperature-rise 20 deg. F. 

Curve Q. Temperature-rise 20 deg. F. on sustained rated load, with higher 
temperature-rises for short periods. 

Curve R. Temperature-rise 30 deg. F. 

page 519 the theory of skin and proximity effects is 
worked out for circular-conductor cable, and I should 
like to ask the authors whether they know how the 
theory differs for shaped-conductor cable. The shaped- 
conductor multi-core cable is at the present time, and 
will probably be in future, of far greater importance than 
the corresponding circular-conductor cable. 

Despite the negative results so far obtained by the 
authors as regards a progressive and consistent decrease of 
soil thermal-resistivity with depth, there seems to be some 
supporting evidence for such an assumption. It is 
possible that further work may justify defining the soil 
thermal-resistivity as that obtained at the surface, i.e. 
uncompacted, and to adopt a simple correction curve for 
various depths of laying. Also, for practical purposes, 
to adopt two basic values of soil thermal-resistivity, 
based on coarse- and fine-grained soils respectively. 

Equation (8.1) on page 526 seems misleading; I infer 
that the factor G e is the additional apparent thermal 
resistance due to the heating derived from the associated 
cables, and the total thermal resistance of the cable 
under the conditions contemplated should be the sum- 
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mation of equation (8.1) on page 526 and the similarly- 
numbered equation on page 527. 

With regard to the factor Tc mentioned on page 527, the 
value of 0- 66 for S.L. cables appears to be somewhat low. 
Results which we have obtained suggest a figure more of 
the order of 0* 85. 

On page 528 it is stated that in assessing the inter¬ 
mittent rating of the cable the thermal capacity is as¬ 
sumed to be that of the conductors plus half that of the 
insulation; it would be interesting to have more informa¬ 
tion as to the basis of this assumption. 

In Table 8, useful data are given regarding the emis- 
sivities of various types of sheathing under different con¬ 
ditions, but possibly a more definite lead could be given 
by the authors as to the values normally to be assumed. 
Suitable values, judging by an inspection of these results, 
would appear to be 0-5 for lead sheaths and 1-0 for 
duct materials. 

It would be helpful if a list of symbols could be included 
when the paper is printed in the Journal ;* at present the 
same symbol is used for more than one quantity. 

Mr. A. H. Bennett: I am particularly interested in 
the authors’ description of the sphere method of arriving 
at the thermal resistivity of the earth. As practical 
users of cables we may be laying 'a cable 5-6 miles long 
through a valley largely composed of clay and similar 
soils, and continuing 5 or 6 miles over a range of hills 
consisting partly of chalk and partly of sand. By care¬ 
fully studying the paper of Messrs. Whitehead and 
Hutchings we shall be able to decide whether to increase 
the size of the cable. To take an illustration, if we are 
contemplating using a 33-kV cable with 0-2-sq. in. con¬ 
ductors we may find it advisable to increase the size to 
0-25 sq. in. 

Perhaps the authors of this paper could tell us a little 
more about the temperature of the soil at the time of 
maximum demand. Assuming in the first place that the 
heavy-loading period of the cable occurs in the winter, 
when the earth resistivity is likely to be good, what is 
the factor which will give the rating if the cable is to be 
used with a maximum load in the summer ? 

With regard to the question of the maximum safe load¬ 
ing of cables, during the late war 3-core 11-kV cables of 
0- 1-sq. in. section were carrying loads up to 250 amperes, 
not for a few minutes but for hours at a time. Probably 
a minimum load of 100 amperes was carried for nearly 
24 hours per day, excluding meal-times, when the 
factories were half shut down. We must have been 
getting close to the danger limit with those cables, and I 
should like to know how close to it we did get. 

rt is sometimes suggested that voltage-drop, and not 
temperature, is the real controlling factor in the problem 
of current rating, but I am inclined to disagree on this 
point. In these days of regulators at the ends of high- 
voltage feeders we are not very worried by a 5 or 10 per 
cent drop, because we have the means of picking it up, if it 
is economically worth while to do so, for a short period; 
but if we do so we may be running into a very dangerous 
situation from the temperature-gradient point of view. 

Mr. S. W. Melsom: Those who, like myself, were 
concerned with these questions in the early days had a 
great advantage over those who were to follow. It is not 
* This has now been added. 


to be expected that the work of later investigators can 
show so great a saving in cost as did the early experi¬ 
ments. Nevertheless, the large increase in the size of 
installations and the introduction of different methods of 
laying cables have produced a group of problems which 
have required full investigation, and the production 
of current-rating figures appropriate to the newer 
conditions. 

To my mind the most important features of the 
papers are:— 

(1) The completion of the general formulae by means 
of which ratings for almost any size of cable, run in 
almost any way, can be accurately calculated. These 
formulae have been built up step by step as more com¬ 
plete knowledge has been gained as to the physical 
constants involved. 

(2) The investigation of the problems that have arisen 
from time to time in connection with the supply of large 
alternating currents in steel-framework buildings and in 
ships. Until the E.R.A. investigated the matter, know¬ 
ledge of this subject was vague and unsatisfactory. It is 
now on a proper footing, however, and it is pleasing to 
note that as a result of the investigation it has been 
possible to formulate comparatively simple rules, mainly 
by allowing a suitable spacing between the cables and the 
steel or ferro-concrete wall, although in the case of very 
large cables special precautions have to be taken. 

(3) The rating of cables in ducts. Here again, until 
the E.R.A. work was carried out the knowledge of the 
subject was, to say the least of it, incomplete, the best 
information available being the old V.D.E. rule that the 
rating of cables grouped in the duct should be reduced 
to 75 % of the value for a single cable. 

It has been known for some time that plain lead- 
sheathed cables laid in ducts give more trouble than 
armoured cables laid direct in the ground, and the reason 
generally put forward for this has been that the cable 
was free to expand within the duct and was subjected 
to mechanical damage due to the movements with 
expansion and contraction. Consideration of the con¬ 
ditions under which many cables in ducts are operated 
according to the figures put forward by the authors 
show that these cables have often been operated at a 
much higher temperature than the normal limit, and 
therefore that the mechanical forces set up by expansion 
and contraction have been very much larger than they 
would have been had the E.R.A. figures been available. 

It is to be hoped that Section (4) of the paper by 
Messrs. Whitehead and Hutchings will receive the closest 
attention of those operating cables in duct lines. 

I should just like to say a word or two on the important 
question of the basis of the temperature ratings. It is 
well known that the E.R.A. figures are calculated on the 
basis of definite temperature limitations which are either 
settled by The Institution or arrived at as a result of 
discussion round the committee table of the E.R.A. The 
idea used to be current that the maximum temperature 
for operation was that at which the dielectric was not 
adversely affected by the high temperature; full con¬ 
sideration by all the interests concerned has shown, how¬ 
ever, that there is no place at which a sharp line can be 
drawn, but that many factors have to be taken into 
consideration. 
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There are, for instance, such factors as the ambient 
temperature, the effect of the temperature both on the 
cables, and on the structure to which they may be 
attached, or on the hand which may touch them, and the 
mechanical forces set up by expansion and contraction 
due to the temperature-rise. Also there is the important 
question of voltage drop, a severely practical question 
that itself limits the current which may be passed through 
a cable in service. 

An early instance of the importance of this subject 
was forthcoming when Mr. Booth and I produced our 
first sets of results, which showed that the current density 
of very small cables might be very high, when bounded 
by limits of temperature-rise. This is due, of course, to 
the curious and now well-known phenomenon that in 
these small cables the insulation acts as a conductor of 
heat rather than as a resistor, and that in consequence on 
the basis of temperature-rise alone some of the small 
cables could be rated to approximately 10 000 amperes 
per sq. in. As investigators we felt that this was of the 
utmost importance, but the Wiring Rules Committee of 
that day pointed out firmly, and quite properly, that 
under such conditions the voltage drop would be excessive 
and that the ratings would be impracticable. Although 
the calculated figures for a definite temperature elevation 
can be stated to a high degree of accuracy, the fact 
remains that the basis of rating is largely empirical. 

The paper by Messrs. Whitehead and Hutchings shows 
how by attention to detail it may be possible to operate 
cables at somewhat higher currents than the values given 
in the appropriate tables, but the extent to which these 
comparatively small improvements can be applied in 
practice is and must be a matter of economics. For 
instance, if a close watch were kept on the thermal 
resistivity of the soil of any particular cable run, through¬ 
out the year, it might be possible to operate the cables at 
somewhat higher currents than those shown, but it is at 
least likely that the cost of the continuous watch on the 
thermal resistivity of the soil would be higher than that 
of slightly increasing the size of the cable and taking a 
proper factor of safety. 

Mr. E. A. Beavis ( communicated ): With regard to the 
actual use of the formulae, there are one or two points 
to which I should like to refer. When considering the 
question of thermal capacity of the cable no mention is 
made of the lead sheath or cable coverings. Are these 
to be considered as negligible, and, if so, what is the 
position as regards the type of cable known as “ S.L.,” 
i.e. triple lead sheaths under one armouring ? 

The thermal capacity of the earth, S e , is referred to, 
but no data are given as to its magnitude or calculation; 
although the use of this can be avoided, I think it would 
be advisable to insert values if these are available. 

I realize that these points are only of minor importance 
and do not affect the calculations to any appreciable 
extent, but I think some references to them would help 
to clarify matters somewhat. 

With reference to eddy-current losses in multi-core 
cables, we have made many practical measurements in 
the past and find that the results agree reasonably well 
with values calculated from the given formulae for the 
normal run of armoured cables. However, there are 
certain conditions in regard to steel-tape armour that 


need to be noted. This armour consists of two layers 
of steel-tape breaking joint, i.e. each is laid on the cable 
in a close helix with a small gap, the top layer covering 
the gap in the first layer below it. If the steel-armour 
resistance is calculated, considering it as a steel tube of 
the double thickness per cm. length, i.e. from the area 
at the mean diameter and a given resistivity, then the 
eddy-loss results appear to be correct. This value, 
however, is not the true resistance as given by measure¬ 
ments taken on the length of cable armour; the latter is 
given more nearly by taking the length, width, and 
thickness, and considering the two tapes in parallel. In 
the first case the resistance as calculated from the area 
decreases with increasing diameter, whereas in the second 
case it increases, for a given width of tape. Thus if the 
true measured values are inserted in formula (15), 
Appendix 1, the loss becomes entirely negligible for large 
cables, and this point should be noted. One or two of 
the actual measurements and calculations are shown 
here for. comparison:— 


Resistance of Double-Steel-Tape Armour 


Tape 

Outer 

Measured 
resistance per 

1 000 yards 

Calculated resistance 

diameter 

From length [ 

From area 


in. 

ohms 

ohms 

ohms 

1 in, width, 

0-9 

6-762 

7-691 

1-244 

30 mils 

1-26 

6-824 

10-88 

0-888 

2 in. width, 

3-01 

2-825 

3-34 

0-186 

60 mils 

3-53 

3-575 

3-90 

0-159 

1|- in. width, 
40 mils 

2-18 

5-466 

6-665 

0-385 


There appears to be very good contact between the 
two tapes, and measured results are approximately 
identical in whatever way the bridge contacts are made. 

With regard to the hysteresis formula (20.2) for the 
steel-tape armour, the thickness 8 is that for the double 
tape. 

Mr. H. C. Booth, Mr. E. E. Hutchings, and Dr. S. 
Whitehead (in reply): To Mr. Melsom's remarks regarding 
alternating-current ratings for cables in steel-framework 
buildings and in ships, it might be added that while data 
have been obtained for the Institution Wiring Regula¬ 
tions which relate to specific methods of installation, a 
mathematical solution has been found possible for the 
general case of proximity to steelwork, and this applies 
not only to cable installations but also to such problems 
as busbars and heavy-current connections in steel 
cubicles. Mr. Melsom also refers to the troubles experi¬ 
enced with plain lead-sheathed cables in ducts. While 
there is evidence that this has occurred even at light 
loads, a contributory factor lies in the non-provision of 
proper facilities for expansion and contraction of the 
cable, and where such facilities have been adequate the 
trouble is undoubtedly due to excessive temperature-rise. 
With regard to the high permissible current density in 
small cables, to which he also refers, the same reason to 
which he attributes this effect results in an increase in the 
current rating of cables in air with increase in working 
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voltage. The question of operating buried cables at 
higher currents than those given in the tables is not so 
much a question of keeping a continuous watch on the 
thermal resistivity of the soil as of knowing beforehand 
the approximate maximum thermal resistivity of the 
type of soil for the particular cable run and making 
the appropriate rating correction to the tables on this 
basis. 

We are indebted to Mr. Beard for his very interesting 
survey of the pioneer work on the current rating of cables 
and for tracing its development, as regards buried cables, 
to the investigations covered by the present papers! 
Arising from his remarks on depth rating factor it should 
be noted that, while in general there is a slight reduction 
in rating with increase in depth, soils seem to differ in 
this respect, and a greater depth of laying up to a certain 
limit, may even be advantageous. With regard to 
guaranteeing the carrying capacity of the laid feeder, 
pi open emphasis should be put on the seasonal variation 
with certain types of soil, and any guaranteed rating 
should be based on the maximum thermal resistivity 
occurring during the year. 

The E.R.A. has had the benefit of the close co-operation 
of Dr. Griffiths in its work on thermal properties of soils. 
He has been very ready to acknowledge the practical 
importance of the methods of measurement recommended 
in the paper as compared with those in which the 
thermal resistivity was calculated from temperatures 
measured entirely outside the source of heat. The latter 
results undoubtedly correspond more closely to the true 
physical properties of the undisturbed soil. The desira¬ 
bility of further study is recognized, and in fact an 
extensive investigation of a number of typical soils is 
already in progress. Since research on soils has now 
resulted in a scientific classification, it is hoped that the 
results of the work in hand will be on a more absolute basis 
than hitherto. Dr. Griffiths’s description of apparatus for 
measuring thermal resistivity of soil under pressure is 
interesting, but in practice the properties probably de¬ 
pend not only on the static pressure but also on the 
previous history of the soil, as, for example, compacting 
under glacial pressure. The sinusoidally-varying-load 
method of measuring thermal diffusivity is accurate but 
somewhat complicated, and the results may not corre¬ 
spond to stable conditions if drying-out occurs. A simple 
but promising method now being investigated depends 
on plotting the initial heating curve for a buried heater. 
The curve of 8/Wg against Dt is characteristic only of 
the heater, where g is the thermal resistivity, D the 
diffusivity, 6 the temperature-rise at the time t, and W 
the watt loading, so that if this characteristic curve can 
be deduced by calibration in a medium of known g and D, 
other media can easily be measured. Such a test can be 
carried out in a few hours only, and further work is 
being done to develop the apparatus. 

The practice referred to by Mr. Purse of installing 
cables in hot flues emphasizes the importance of making 
adequate provision for cable-runs when designing build- 
ings, this does not seem to be sufficiently appreciated by 
architects, who only too often assume that the cables can 
be installed in any duct or chase which may have to be 
provided for other services. The deterioration of the 
insulation due to high ambient temperatures may not be 


immediately apparent but must result in an unduly short 
life for the cables. The question of short-time overloads 
raised by Mr. Purse has been answered by Mr. Riley in 
his remarks. The formulae given permit the calculation 
of intermittent or transient loadings of any common type. 
The example he quotes would not result in any serious 
overload. 

Dr. Rayner’s remarks on current density in small 
cables have been covered by the reply to Mr. Melsom. 
He suggests also that information on cable failures under 
operating conditions and on the effect of short-circuits 
on cables should be collected. Both these subjects are 
already under investigation by the E.R.A. 

In reply to Dr. Arnold, multi-core cables larger than 
0-5 sq. in. are rarely employed, and in fact are not 
specified in B.S.S. 480 except for 1 kV where considera¬ 
tions of space, and auxiliaries such as terminal boxes and 
joints, may render a single cable desirable for short 
lengths. Larger single-core cables are occasionally used 
for the same reason. The proximity effect is then not so 
important; the skin effect and sheath losses are high but 
may be offset by savings in space and cost when short 
connections between stations and plant are involved. 
We would thank Dr. Arnold for his remarks regarding the 
formulae for proximity loss, and we agree that there is no 
real difference between the formulae for single-phase and 
3-phase systems. This point has now been made clear 
m the paper; the approximate formulae are, however 
satisfactory for rating calculations. The error in the 
second formula was a clerical one and has now been 
corrected. 

While agreeing with Mr. Riley that permissible tem¬ 
perature-rise is limited by mechanical rather than 
electrical considerations, we would qualify this as regards 
rubber-insulated cables, where deterioration of the insula¬ 
tion occurs at comparatively low temperatures. His 
remarks on the variation of thermal resistivity under 
operating conditions are very interesting. The question 
of classifying soils is admittedly a difficult one, but it is 
hoped that the survey now being made, as previously 
mentioned, will help considerably in this direction. With 
regard to non-homogeneous soils, a theory has been 
worked out for two-layer soils. In some cases (shallow 
surface,l a yers)^the two layers may correspond to the 
drift ’. and " solid ” geology respectively, and the 
problem is then similar to that of the electrical resistivity 
of the earth. The theory is, however, difficult to apply 
m a general manner owing to local variations. The rating 
tables confirm Mr. Riley’s opinion that there is no ad¬ 
vantage in employing shaped-conductor cables in ducts 
or m air. “ Snaldng ” of cables in ducts does theoretically 
result m higher temperatures locally, and theory has been 
confirmed by the tests, but it is probable that the effect 
will be in part reduced by longitudinal conduction. 

In reply to Mr. Baxter, rubber-insulated cables are out- 

SC °ff I* 16 E - R ' A - tables - Actually, however, 
f hese cables the formulae for the emergency rating of 
paper-insulated cables may be used, and data on this 

R U no+h * ai Ti- ^ 1Ven . c m / he earIier paper b y Melsom and 
k is unfortunate that no accurate data are 
available as to the maximum temperature which a cable' 
will sustain for very short periods without deterioration. 

* Journal I.E.E., 1023, vol. 61, p. 303. 
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The question of the limits which govern overloads of 
longer duration has been dealt with by Mr. Riley. 

The effect of skin and proximity effects in shaped- 
conductor cables, referred to by Mr. Lythgoe, should not 
differ greatly from those in the corresponding circular- 
conductor cables, as the closer mean spacing in the 
former is partly offset by the greater circumferential dis¬ 
tribution of copper. For buried cables it is possible to 
use a correction factor for the rating according to depth, 
and this has been given in the paper, but, as mentioned 
earlier, this assumes a homogeneous soil. The possi¬ 
bility of using two basic values for soil resistivity may 
also be considered, but more light may be thrown on this 
when the results of the fuller investigations now proceed¬ 
ing are available. With regard to equation (8.1) the 
factor given on page 527 does in fact represent the total 
thermal resistance of the cable when it forms one of a 
group. The term for n = 1 gives the thermal resistance 
arising from the flow of heat from the cable itself, while 
the terms for n > 1 give the influence effects of neigh¬ 
bouring cables. The ratio of sheath to core temperature, 
7c, suggested by Mr. Lythgoe, appears rather high; in the 
numerous tests on which the present papers are based 
the values for 10- and 20-kV cables ranged between 0 • 6 
and 0-7. Emissivities of different materials may be 
found from Table 8; 0 • 6 may be assumed as an average 
figure for plain lead cables in air or in ducts and for 
armouring “ left bright 1-0 for served cables and for 
normal duct materials. A list of symbols is now included 
in the paper, as suggested by Mr. Lythgoe. 

As shown in the Appendix, the thermal capacity of a 
buried cable is effectively distributed across its internal 
thermal resistance so that half the thermal capacity of 
the dielectric may be considered as connected across the 
whole of its thermal resistance, except for unusually large 
sizes. For cables in air this is not true, and a greater 
fraction should be used for small cables. Actual tests, 
however, showed that the previous approximation was 
substantially valid for large sizes and it has therefore been 
retained for uniformity. The effect of type of construc¬ 
tion and'mode of installation makes it necessary to take 
a conservative general figure. 

Mr. Bennett asks for information on soil temperature 
at the time of maximum demand. Naturally where a 
feeder serves an industrial load this may occur even in 
the middle of summer, when the soil temperature in this 
country at normal depths is of the order of 15 to 20° C. 
The reduction factor for summer loading if this has not 
been allowed for would vary according to the type of 
soil; for heavy soils it would be not less than 0-9, but 


for light sandy soils it might be as low as 0-7. The 
example of overload quoted by Mr. Bennett is not so 
serious as might be anticipated; although the continu¬ 
ous rating for the cable in question is 196 amperes, the 
core temperature when carrying an intermittent load of 
250 amperes would only be 79° C. instead of the 65° C. 
permitted. The limitation imposed on rating by actual 
voltage-drop applies only to small cables installed in 
buildings. In public supply it is the diversity of the 
voltage-drop which is the important factor. 

Several speakers have urged the inclusion of the rating 
tables in the paper; these have now been added. 

In reply to Mr. Beavis, the thermal capacity of the 
lead sheath or cable coverings has been taken into 
account in computing the transient current ratings of 
cables in air, and the definition of S has now been 
amended accordingly, following substantially the method 
given by Melsom and Booth. For cables laid direct, the 
thermal capacity of the sheath and coverings is included 
in the capacity of the cable or in the capacity of the 
earth, according to the value of the equivalent diameter 
of the cable used in computing j3. To avoid undue 
labour the equivalent diameters have been approximated 
in such a way as to require as few different values of /3 
as possible. Thus in a strict sense the thermal capacity 
of the sheath, etc., should sometimes be included and 
sometimes neglected, but since it has little effect to the 
degree of approximation attempted the same definition 
of S may be used throughout. In the portion of the 
analysis where the symbol S e is used, the thermal 
capacity of the earth to which it refers may be taken as 
much greater than that of the cable, so that this factor 
is thereby eliminated. 'Where it is necessary to take the 
thermal capacity of the earth into account, it is intro¬ 
duced by means of the quantity j3, since in such circum¬ 
stances it would be necessary to make S e a function of 
time and the symbol would become inconvenient. The 
quantity S e is, therefore, not used directly and no value 
need be given. The nature of the thermal capacity of 
the earth is analysed in some detail in Appendix 3. The 
information on steel-tape-armoured cables is very in¬ 
teresting. The E.R.A. has work in hand on this subject, 
but it is not complete, and we have to content ourselves 
with the practical approximation of taking the ratings 
as being the same for steel-tape and wire armour. 
Nevertheless, it is hoped later to give more exact indica¬ 
tions of the behaviour of tape-armoured cables. The 
observations of Mr. Beavis agree with our preliminary 
results and will be of considerable value in pursuing the 
studies in hand. 
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ROTATIONAL HYSTERESIS LOSS IN ELECTRICAL SHEET STEELS* 

By F. BRAILSFORD, Wh.Sc., B.Sc.(Eng.), Associate Member. 

{Paper first received 31 st January, and in final form llth March, 1938.) 


SUMMARY 

The paper describes how rotational hysteresis loss in small 
disc samples of sheet steel may be measured in a simple manner 
by a new method, the loss being determined directly without 
the inclusion of eddy-current losses. The difficulty in the way 
of making measurements on a single disc, due to the magnetic 
anisotropy of the material, is indicated. The magnetic aniso¬ 
tropy in commercial electrical sheet materials is then briefly 
discussed, and it is shown how by use of a sample made up of 
three similar discs the experimental difficulty may be over¬ 
come. 

The observed results on four electrical sheet materials are 
then given. 

The loss, plotted against flux density, is seen to fall rapidly 
towards zero near saturation, as has been found for various 
ferromagnetics by other investigators, but a sharp increase in 
loss, hitherto unreported, is shown to occur, for all four 
materials, at a point near the " knee ” of the magnetization 
curve. A qualitative explanation of this phenomenon and of 
the general form of the loss curve is given on the basis of the 
" domain ” theory of ferromagnetism. 


INTRODUCTION 

The hysteresis loss occurring in sheet iron and steel 
subjected to an applied field rotating in the plane of the 
sheet was first determined by Baily.f Later, other 
workers investigated rotational hysteresis losses in ferro¬ 
magnetic materials, notably BeattieJ for nickel and 
cobalt, Weiss and Planer§ for steel, and Seiyama|| fox- 
iron and nickel. The methods employed led to appre¬ 
ciable eddy-current losses in the sample, for the separation 
of which from the total iron loss measured some suitable 
expedient had to be adopted. 

The iron losses occurring in the magnetic circuits of 
rotating electi'ical machines result from a combination 
of rotational and alternating effects, and an accurate 
knowledge of the rotational hysteresis loss in the magnetic 
materials involved is therefore desirable. Moreover, it 
is known that the general relation between the rotational 
hysteresis loss and the magnetization is a peculiar one and 
quite unlike the corresponding relation in the case of 
alternating hysteresis loss. Hence an accurate knowledge 
of this relation should contribute to an understanding 
of the mechanism of hysteresis loss in ferromagnetics 
genei-ally. 

In the present investigation the rotational hysteresis 
loss has been measured by a simple and direct method on 
disc samples, and uncertainty due to eddy-current losses 
has been eliminated. 

* The Papers Committee invite written communications, for consideration 
with a view to publication, on papers published in the Journal without being 
read at a meeting. Communications (except those from abroad) should reach 
the Secretary of The Institution not later than one month after publication of 
the paper to which they relate. 

f See Bibliography, (1). % Ibid., (2). § Ibid., (3). || Ibid., (4). 


The matter is of importance in practice in the iron 
behind the teeth of the rotating armatures of electrical 
machines. In the teeth themselves the flux is mainly an 
alternating one, but at any point in the iron behind the 
teeth the flux will rotate with respect to the iron. The 
hysteresis loss occurring behind the teeth will on this 
account not be the same as that which occurs for an 
alternating flux. This is a point of some interest, since 
it pi-events an accurate predetermination of the iron loss 
being made on the basis of the specific loss figures ob¬ 
tained in an alternating-current test of the material. The 
problem in practice is further complicated by the fact 
that the rotating flux is not constant in magnitude but 
may be considered to be a combination of a constant 
rotating flux and an alternating flux. The present in¬ 
vestigation deals only with a constant rotating flux. 

CASE OF A SINGLE DISC SAMPLE 

If a magnetically isotropic single disc is suspended at 
its centre in a horizontal plaixe containing an applied 
field, then, in the absence of eddy currents, a uniform 
tox-que will be required to rotate the disc and the work 
done in one revolution will represent the rotational 
hystei-esis loss per cycle. If H is the applied field and J 
the intensity of magnetization, J will lag H by an angle cl 
such that the torque is equal to HJ sin a per cm? of the 
material. The loss per cm? per cycle is therefore 
2nHJ sin a. It has been shownf that oc and hence the 
rotational hysteresis loss per cycle is independent of the 
speed of rotation of the disc. In an isoti-opic disc, then, 
we might determine the rotational hysteresis loss by 
simply measuring the torque required to move the disc 
in one direction of rotation in an applied field. The’rate 
of rotation can be brought to zero at the time of measure¬ 
ment so that eddy-current losses are not involved. This 
method was used by von Harlem J to measure the relation 
between the angle a and the magnetization in the case of 
a magnetically-hard tungsten steel. 

Rolled sheets, however, are invariably characterized, 
by considerable variation of the magnetic properties in 
different directions in the sheet. A disc cut from a rolled 
sheet will, on this account, be acted on by a torque which 
alternates in direction with respect to the angle of rota¬ 
tion. In the case of the magnetically-soft commercial 
electrical sheet materials this torque may reach a value, 
depending on the material and the magnetization con¬ 
sidered, of the order of one hundred or more times the 
mean torque due to hysteresis. This complication makes, 
it impracticable to measure rotational hysteresis loss 
directly by torque measurements on a single disc, except 
perhaps at low flux densities. 

t Seo Bibliography, (5). $ Ibid., (G)_ 
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The difficulty is, however, readily overcome by an 
expedient for the understanding of which it is necessary 
to consider the main cause of magnetic anisotropy in sheet 
steel. 


the datum diameter is parallel to a cube edge ad. Then 
if this disc is rotated about its perpendicular axis in a 
high saturating field in the plane of the disc the torque 
acting per cm? of the material is given by 


MAGNETIC ANISOTROPY IN SHEET STEEL 
Iron, in common with most metals, crystallizes on the 
cubic system. Fig. 1 shows the magnetization curves 
obtained by Honda and Kaya* for a single crystal of 
iron, measured parallel to a cube edge, to the diagonal 
of a cube face, and to the long diagonal of the cube, 
respectively. Similar curves have recently been obtained 
by Williamsf for a 3-85 % silicon steel. 

Hence if the crystal is magnetized by an applied field 
the stored energy is dependent on the direction of 
magnetization. For saturation conditions this is given % 
by 

W - K 0 + iq(£“Sf + slsl + sjsf) + Koislslsl) (1) 



Fig. 1.—Magnetization curves for single crystal of iron 
(Honda and Kaya). 

Curve a: For Z7 parallel to cube edge. 

* Curve h : For 11 parallel to diagonal of cube face. 

Curve c: For II parallel to long, diagonal of cube. 


L A — — \K X sin 4a 

where a is the angle between the saturation intensity J 0 
and the datum line. 

Orientation B .—If the datum line is taken as the 
diagonal ac of the cube for the disc in A, then 


Lr = l-K, sin 4a 


Orientation C .—If the disc is cut in the plane acef and 
the cube edge af is taken as the datum line, then 

, K, 

Lq — -*(2 sm 2a + 3 sin 4a) 

8 


K* 

_ c 

64 


(sin 2a + 4 sin 4a — 3 sin 6a) 


In the case of polycrystalline sheets the action of hot 




Fig. 2.—A cubic crystal and 3 particular crystal orientations 


where K 0 , K v and K 2 , are constants and S v &'», and S y 
are the direction cosines of the direction of the intensity 
of magnetization relative to the principal axes of the 
cubic crystal. 

Hence the crystal, in an applied field, will experience 
a torque acting to restore it to a position of minimum 
stored energy, which, in the case of iron, is for the mag¬ 
netization parallel to a cube edge, •The torque acting in 
a particular case is readily deduced§ for saturation con¬ 
ditions from (1). 

The torque equations for three particular crystal 
orientations, designated A, B, and C respectively in 
Fig. 2, and which are important in rolled sheets, are given 
below. 

Orientation A. —Suppose a thin disc (or preferably an 
oblate ellipsoid of revolution) is cut from a single crystal 
in the plane of the cube face abed, Fig. 2, and suppose 

* See Bibliography, (7). t Ibid ., (8), f Ibid., (9). § Ibid., (10). 


or cold rolling in conjunction with the subsequent heat 
treatment causes a large percentage of the crystals in the 
sheet to orient themselves in preferred directions. Ex¬ 
amination of magnetically soft rolled sheets by X-ray* 
and light-reflectionf methods has shown that the orienta¬ 
tions generally found are very near to those represented 
by A, B, and C, above, where the datum line and plane 
correspond to the rolling direction and the plane of the 
sheet respectively. 

Clearly if a polycrystalline disc cut from such a sheet 
has n % of the material with Orientation A and m % 
yfith Orientation C, the remainder being oriented at 
random, then the torque per cm? for the saturated disc, 
neglecting the hysteresis component, is given by 


L = —L a + — L 0 
100 4 ^ 100 0 


* See Bibliography, (11). 


t Ibid., {I25. 
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Theoretical torque curves for different proportions of 
A and C and of B and C are shown in Figs. 3 and 4 
respectively for iron, using the approximate known 



Fig. 3.—Theoretical torque curves for:— 

(а) 100 % of crystals with Orientation A. 

(б) 75 % of crystals with Orientation A plus 25 % with 

Orientation C. 

(c) 50 % of crystals with Orientation A plus 50 % with 
Orientation C. 

(cl) 25 % of crystals with Orientation A plus 75 % with 
Orientation C. 

(e) 100 % of crystals with Orientation C. 


values K x — 4 X 10 5 , K 2 = 2 X 10 5 ergs per cm? Com¬ 
paratively high torques are seen to be involved. Experi¬ 
mental torque curves obtained on single discs of com- 



(c) 50 % of crystals with Orientation B plus 50 % with 

Orientation C. 

(d) 25 % of crystals with Orientation B plus 75 % with 

Orientation C. 

(e) 100 % of crystals with Orientation C. 

mercial electrical sheet iron and silicon steel can usually 
be fitted quite closely by a curve of one of these types 
Examples may be seen in Figs. 8 and 9. 


METHOD OF MEASUREMENT OF ROTATIONAL 
HYSTERESIS LOSS 

It will be clear from the foregoing that, neglecting 
hysteresis, the torque per cm? exerted on a thin disc in 
an applied saturating field is given quite generally by 

L = D sin 2(a + S 2 ) + E sin 4(a + S 4 ) + F sin 6(a + S 6 ) (2) 

where D, E, F, S 2 , S 4 , and S 6 are constants depending on 
the material and the particular crystal arrangement. At 
magnetizations below saturation the amplitude of the 
torque is reduced, but it may still be expressed by an 
equation of the same form. 

If now three identical discs are superimposed so that 
corresponding diameters on the discs are relatively dis¬ 
placed at angles of 0°, 120°, and 240° respectively, then 
the torque per cm? for the composite disc will clearly be 
given by 

L — F sin 6(a + S 6 ) 

The torque due to anisotropy has therefore been re¬ 
duced to that corresponding to the last term of equation 
(2). This might also be eliminated by increasing the 
number of discs, but, fortunately, this term is usually 
small enough to render this unnecessary. 

If now we include the torque Ljj per cm? due to the 
rotational hysteresis loss, then we have for one direction 
of rotation of the disc 

L x — F sin 6(a + § 6 ) -+• L% 

and for the reverse rotation 

L 2 — F sin 6(a + S 6 ) — Xjgr . 

The mean torque due to hysteresis is obtainable by 
taking the mean value of either Zq or L 2 over a complete 
revolution of the composite disc. More conveniently it 
may be obtained from the mean value of |(Zq — L 2 ). 

The method used in the present investigation com¬ 
prises the use of a test sample made up of three discs 
as described above, the rotational hysteresis loss being 
determined by measuring the average torque required to 
rotate the sample in an applied field. In practice, owing 
to small differences in the discs, inaccuracies in relative 
alignment, and perhaps some inequality in flux distribu¬ 
tion, the first two terms of equation (2) are not completely 
eliminated. The following numerical example taken 
from the results given later for Sample 1 shows, however, 
the benefit to be gained from a composite disc. At 
B — 22 600 gauss the maximum torque for a single disc 
is about 35 000 dyne-cm. per cm? The mean torque 
due to hysteresis is only 415 dyne-cm. per cm?, or 1*2 % 
of the peak torque. With the composite disc the maxi¬ 
mum torque is about 1 800 dyne-cm. per cm? Loss 
measurements on the single disc would clearly be im¬ 
practicable, but with the multiple disc some 20 times the 
sensitivity can be made use of and there is no difficulty. 

APPARATUS AND PROCEDURE 

To make up a test sample, three 2|-in. squares were cut 
from near each other in a strip of the material to be tested. 
Discs lj in. diameter were then cut by mounting the 
squares in turn on a block in a lathe and using a sharp 
cutting tool. A line scribed on the strip before cutting 
gave corresponding datum lines on the discs. 
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Many forms of torque magnetometer* have been used 
for the measurement of the torque curves of discs and 
ellipsoids. The instrument used in the present case is 
shown in Fig. 5. Sample D is clamped between the brass 
discs B, the whole being capable of rotation on the 
spindles S in the journal jewel bearings J. This moving 
system is suspended by the phosphor-bronze torsion wire 
W from the adjusting screw C locked to the top of the 
brass tube T. The latter has a collar O soldered to it, 
enabling it to be rotated in the supporting frame F, and 
a pointer P attached to it at the lower end moves over 



Fig. 5.—'Torque magnetometer. 


of the applied field was read on the aluminium disc A by 
a fixed pointer (not shown). 

It will be seen that the sample may be rotated by 
the tube T by the fingers, the angular position of the disc 
being read by the fixed pointer, and the twist in the 

suspension by the moving pointer. 

For any given value of the applied field the proceduie 
was to rotate the sample in a clockwise direction, through 
one revolution, to a definite position of the disc in the field, 
and then take a reading of the torque. The disc was then 
rotated through one revolution in a counter-clockwise 
direction to the same final position and the torque again 
read. The difference of these readings is clearly equal to 
twice the torque due to hysteresis. This procedure was 
then repeated for successive positions of the disc. The 
torque required is, of course, that which will just bring 
the disc round to the desired position for rotation in the 
appropriate direction. Obviously if this position is ovei- 
shot it is necessary to rotate through a further 360 
before taldng a reading. 

It wall be noted that frictional forces on the moving 
system act in the same direction as the torque, due to 
hysteresis, and it is essential that these forces should 
be negligibly small. To this end, journal jewel bearings 
were used in the instrument. The frictional torque was 
unreadably small with the most sensitive suspension 
employed in the tests, provided the apparatus was tapped 
lightly with the finger during reading. 

MEASUREMENT OF B AND H 

The values of B and H for the composite disc were 
obtained ballistically. A coil of 20 turns of 0-007 in. 
enamel-covered copper wire was close-wound round a 
diameter of the sample, the area embraced by the coil 
being kept as low as possible to reduce air-flux cor¬ 
rections. The sample was mounted in its holder with 
spindles attached, but removed from the instrument, and 
with the coil perpendicular to the direction of the applied 
field the sample was suddenly rotated through 180° and 
the change of flux linkages due to the reversal was 
measured by a ballistic galvanometer. The applied 
field, with the sample removed, was similarly measured by 
reversal of a suitable search coil. 

The following relations may then be shown* to hold 
very nearly;— 

2 A,T 


the graduated aluminium disc A attached to the upper 
spindle S. 

The suspensions used varied in diameter from about 
0-01 in. to 0-022 in., depending on requirements, and 
were about 4| in. long. The torque constant was 
determined, in known manner, from the time of swing of 
the moving system with and without a known added 
moment of inertia. 

The applied field was obtained by an electromagnet 
the pole-faces of which, shown at N, were 2 in. deep, 
4 in. wide, and 2 in. apart. An applied field up to 
H — 2 800 gauss could be obtained. 

The angular position of the disc relative to the direction 

* See Bibliography, (IB). 
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where B' = apparent flux density. 

B = true flux density. 

J = intensity of magnetization. 
H' = applied field. 

* See Bibliography, (7). 








<§70 


BRAILSFORD: ROTATIONAL HYSTERESIS LOSS IN 


H = effective field in the material. 

k = flux linkages per unit deflection of the 
galvanometer. 

d = mean deflection of the ballistic galvano¬ 
meter for the reversal. 

A s = cross-sectional area of the disc under the 
coil. 

A c = mean cross-section embraced by the B coil. 

T ~ number of turns on the B coil. 

N — demagnetizing factor for the sample. 

Moreover it may be shown* that, for the materials in 
question, the demagnetizing factor is given very nearly by 

4tt 

T 7 = the initial slope of the B'fB' curve . . (3) 


DISCUSSION OF ACCURACY * 

To give some idea of the order of magnitude of the cor¬ 
rections and quantities involved, the following typical 
values (for Sample 2) are given:_ 

A c N 

_ = 1-36 : —- = 0-0345 

477 * 

giving B = 1-0125' — 0-377 H' 

and H — 1-047 (H' - 0-03455') 

The conection to be applied to B' to obtain the true 
value B is greatest at the highest induction, falling 
rapidly as the induction falls. For the highest induction 
measured in Sample 2, B' = 22 800 and B = 22 060 
gauss, H' being 2 750 and H 2 050 gauss. It will be seen 
that uncertainty in the values of A c /A s and N does not 
materially affect the values of B, since the maximum cor¬ 
rection to 5' is only 3 • 3 %. The relative measurements 
of B and H' are considered to be correct to about 1 %. 
The uncertainty in the value of N determined from equa¬ 
tion (3) may be about the same amount. The estimated 
errors in H due to a 1 % error in N are 0-4 % at 
H= 2 000, 6 % at H = 100, and 50 % at H = 10 gauss, 
pbviously a relative inaccuracy of 1 % between corre¬ 
sponding values of H' and B' leads to errors in H of the 
same order. On account of these circumstances observa¬ 
tions of H are only of value, for the materials in question, 
for inductions over about 15 000 gauss. 

It is considered that the torque measurements had an 
absolute accuracy of about 1 %. For the first portion of 
the rotational hysteresis loss curves, up to and rather 
beyond the peak of the curves, the relative accuracy of 
the loss measurements is considered to be about 1 %. 
On the last part of the curves, near saturation, the 
accuracy is not so good, mainly because there is, as 
already indicated, a residual anisotropic torque In the 
case of Samples 1, 2, and 3, the last values are probably 
accurate to about 6 %. For the final readings in the case 
of Sample 4 there was a large sin 6a component in the 
residual torque, and the torque due to hysteresis was also 
small. For this reason the last two or three values are 
accurate to probably not more than 30 or 40 %. 

A further point to be considered is the question of 
uniformity of flux in the composite disc. The measure- 

* See Bibliography, (14). 


ments made obviously give only the mean value of B 
over the whole sample in the direction of the diameter 
normal to the B coil. But for the first portion of the 
magnetization curve, up to, say, B = 13 000 or 14 000 
gauss, the effective field H in the material is small com¬ 
pared with the demagnetizing field NJ. The average 
magnetization in the sample is therefore dependent only 
on the applied field and is independent of the permeability 
of the sample. We may then expect the average in¬ 
duction in the sample, as it is rotated in the applied field, 
to remain constant, in spite of the variation in perme¬ 
ability in different directions which is known to exist in 





H, gauss 

Fig. 6.—Magnetization curves obtained on strips in a 
permeameter and on composite disc samples.' 

a. Strips cut along rolling direction. 

b. Strips cut across rolling direction. 

c. Strips cut at 45° to rolling direction. 

Dotted curves are of disc samples. 

the material.. There may, however, be non-uniformity of 
flux density in the sample for any particular position of 
the sample in the applied field. This may be due to the 
fact that the sample is not in the form of an isotropic 
ellipsoid of revolution but in the form of a composite 
disc. To introduce any serious error, however, this non- 
uniformity would require to be very large, since the relation 
between loss and flux density is found to be almost a 
linear one, for the first portion of the magnetization curve 
under consideration. 

Above the knee of the magnetization curve the effective 
e d becomes of the same order of magnitude as the 
demagnetizing field, and for a constant applied field the 
induction in the individual discs will vary as the disc is 





ELECTRICAL SHEET STEELS 


571 


Table 1 


Sample 

number 

Designation 

Chemical analysis 

C 

Si 

Mil 


p 

1 

Ordinary electrical dynamo sheet 

— 

0-13 

0-28 

0-037 

0-026 

2 

Higher-quality dynamo sheet .. 

■ 

1-91 

0-26 

0-027 

0-030 

3 

Ordinary transformer silicon steel 

■ 

mm. 11 m\* a 

3-72 

0-11 

0-004 

0-018 

4 

Cold-rolled transformer silicon steel . . 

■H 

3-13 

0-05 

0-003 



rotated. The variation in different directions as measured 
on strips of the material of Samples 1 and 2 (Sample 3 
is known to be similar) in a standard permeameter is 
shown in Fig. 6. It is not considered that the variation 
from the mean flux density in the sample can greatly 
exceed the range of variation shown in these curves, say 
± 11- %, except possibly near the periphery of the discs. 
Such a variation would cause no appreciable error in the 
observed relation between loss and flux density. In the 
case of Sample 4, however, the variation is seen to be 



Fig. 7.—Determination of demagnetizing factors. 

a. Sample 1: N = 0-4:05. 

b. Sample 2: JV = 0-433. 

c. Sample 3: N = 0-304. 

d. Sample 4: N = 0-337. 

greater, and the non-uniformity in the neighbourhood of 
H ~ 100 gauss may be about ± 7 %. Here again the 
error caused must be much less than this. 

EXPERIMENTAL RESULTS 

The chemical analyses of the materials investigated, 
and the dimensions of the discs, are given in Tables 1 
and 2 respectively. 


The demagnetizing factors for the disc have been 
obtained experimentally, using equation (3), from the 
initial straight-line portion of the B'/H' curves, and the 
observed yalues are given in Fig. 7. The demagnetizing 
factors have also been calculated, on the assumption that 
the disc sample approximates to an ellipsoid of revolution 
in which the ratio of minor to major axes is the same as 



the ratio of thickness to diameter of the discs. When 
this ratio is small we may write 



where afo is the ratio of minor to major axis. The calcu¬ 
lated and observed values are given in Table 2 for com¬ 
parison. 
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Table 2 



Composite disc 

Demagnetizing factor N 

Sample 


Total thickness 

Calculated using 


number 








Diam. 

Bv 

Bv 

Thickness 

Thickness 

Observed 



weight 

micrometer 

by 

weight 

by 

micrometer 



in. 

in. 

in. 




1 

1-23 

0-0486 

0-052 

0-370 

0-39 

0-405 

2 

1-19 

0-0500 

0-052 

0-393 

0-41 

0-433 

3 

1-24 

0-0347 

0-037 

0-289 

0-31 

0-304 

4 

1-23 

0-0388 

0-040 

0-299 

0-31 

0-337 


As already indicated, an exact knowledge of N is not 
required in the measurement of B, but only to determine 
the effective field H in the disc. The observed magneti- 


and is seen to fit the observed points fairly closely. If 
we take K ± = 4 X 10 5 and K 2 — 2 x 10 5 ergs per cm? 
this curve represents the theoretical torque under satura¬ 
tion conditions of a material having 24-6 % of the 
crystals with Orientation B, 17-4 % with Orientation C, 
and the remainder at random. 

Fig. 9 gives the corresponding quantities for Sample 4, 
which is a cold-rolled material. This curve has the 
equation 

L 

rrj = — 5 • 20 sin 2a — 8 • 88 sin 4a -f 0 • 47 sin 6a 


CO . 

G 

CJ 

500j 

> 

0 

o 

1 

O) 

(—1 


L 

p 

-500* 


.Clockwise 


5= 


60 
—G- 


_2Lo_ 180 


240 


Anti-clockwise 


5980 gauss 


300 c6 360 



Fig. 9.—Torque curve on single disc of Sample 4. 

o- 0 Observed points. 

Full line is calculated curve. 

zation curves for the discs are shown in Fig. 6. The 
corresponding curves, obtained on strips cut in different 
directions from the sheets from which the discs were 
taken, are also shown. 

The experimental torque curves obtained on single 
discs of Samples 1, 2, and 3, which are all hot-rolled 
materials, were very similar. The observed points for a 
single disc of Sample 1 are shown in Fig. 8, for an applied 
field of 2 440 gauss. The curve drawn has the equation 
L 

— _ 1-80 sin 2a + 2-14sin4a + 0-17 sin 6a 




Fig. 10.—Torque curves for composite disc: Sample I. 

corresponding to a crystal arrangement of 4 • 7 % Orienta¬ 
tion A, 67-2% Orientation C, and the remainder at 
random. K 1 and iC 2 have been taken* in this case to be 
3 X 10 5 and 1-5 x 10 5 ergs per cm? respectively. 

It will be seen that the experimental torque curves are 
given quite closely by an equation of the theoretical form 
of equation (2), and it is not important for the purposes 
of the present investigation whether the true crystal 
arrangement is that corresponding to the values given 
above or not. 

* See Williams, Bibliography, (8) and (13); also Tarasov and Bitter 
Bibliography (13). ; 



ELECTRICAL SHEET STEELS 



2000 

1600 


1200 


CD 

CD 


<oo 


800 

400 


Fig. 11 .—Rotational hysteresis loss and magnetization curve for Sample 1 


The torque curves for clockwise and anti-clockwise 
rotation in the case of the composite Sample 1 are shown 
in Fig. 10 for three values of the applied field corre¬ 
sponding to flux densities of 5 980, 17 010, and 22 640 


The complete curves of rotational hysteresis loss for 
the four materials are shown in Figs. 11 to 14, plotted 
with B-H as abscissae. The magnetization curves are 
also shown, plotted for convenience to the same base. 
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to 

to 
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Fig, 12,—Rotational hysteresis loss and magnetization curve for Sample 2. 


gauss respectively. The rotational hysteresis loss cor¬ 
responding to these flux densities is represented by half 
the area between these curves. 

The way in which the torque varies when the sample 
is first rotated anti-clockwise and then reversed in 
rotation may also be seen in Fig. 10 for B — 17 010 gauss. 


DISCUSSION OF RESULTS 

Examination of the loss curves shows certain well- 
marked points of similarity in the four cases. The loss 
at low flux densities, below B = 1 000 gauss, say, is seen 
to increase comparatively slowly, although this region 
has not been investigated in detail. Thereafter, and up 
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to a flux density of about 0-7 of the saturation value of 
B-H, the loss increases with B-H, not quite linearly but 
at a slightly faster rate. Above this density there is a 
sharp increase in the loss, which rises to a maximum in 


cold-rolled Sample 4, which is down to about 6 % of the 
maximum loss attained for this material. 

The sharp rise in loss at about 0-7 of the saturation 
value of B-H has not, so far as the author is aware. 



the region of 0’8 to 0-85 of the saturation value of B-H 
and then falls rapidly towards zero. The tests were 
carried out up to a maximum applied field of H — 2 800 
gauss. The lowest value of loss reached was that for the 


previously been observed. This sharp rise is noticeable 
in all the samples and is particularly marked in the case 
of Sample 2. It will be seen in all cases that this sudden 
change occurs at a value of B-H in the region of the 
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" knee ” of the magnetization curve, i.e. at the point 
where H begins to rise rapidly with respect to B-H. 

This relation between the loss and magnetization 
curves may, perhaps, be explained on the basis of certain 
considerations relating to the domain theory* of ferro¬ 
magnetism. According to this theory magnetization 
below the knee proceeds in steps, corresponding to the 
Barlchausen discontinuities, each step representing a 
reversal or sudden change in direction through 90° of the 
spontaneous saturation magnetization in a domain. 
There may be, in addition, a parallel reversible process,! 
or Schrumpfprozess, involving no hysteresis loss. For 
any particular domain the sudden change in direction 
may be expected when a certain value of the field acting 
on it in the final direction of its magnetization has been 
reached. The total change in energy involved in this dis¬ 
continuous change is then a function of the volume of the 
domain, the saturation intensity, and the effective field. 
Certain considerations make it probable that the whole 
of this change of energy is not dissipated as heat, but 
only a portion of it. However, the point is that one may 
expect the heat dissipated as hysteresis loss to be a 
function of H in both the alternating and the rotational 
case. At the knee of the magnetization curve the field 
required to produce the discontinuous rotation has 
already been reached or exceeded for most of the domains, 
and these domains .contribute further to the total mag¬ 
netization on a further large increase of H, by a rotation £ 
of the spontaneous magnetization in the domains from 
the “easy” direction towards the direction of the 
applied field. There are some domains remaining, how¬ 
ever, which are not acted upon until H has increased 
beyond its value at the knee.§ The contribution to the 
magnetization due to these domains is only that corre¬ 
sponding to their volume, but the contribution to the 
loss is high on account of the high values of H at which 
the sudden change in direction of the magnetization 
occurs. The loss will therefore rise steeply with increase 
of magnetization. 

Similar ideas may be applied to the portion of the loss 
curve near saturation. For a very high field the spon¬ 
taneous magnetization is always in the direction of the 
field, and as the field is rotated it rotates smoothly and 
without the discontinuities which result in hysteresis loss. 
Hence the loss may then be expected to be zero. At 
lower fields the discontinuities can occur again during 
rotation of the field, causing, at first, an increasing loss 
for decreasing H. In this case the loss will be dependent 
on the anisotropic constants and K 2 > as well as on H 
and on the value of the spontaneous saturation intensity 
of magnetization. 

The above indicates in a qualitative manner how the 
observed rotational hysteresis loss might be explained on 
the basis of the domain theory and the magnetic aniso¬ 
tropic properties of the materials. Satisfactory quanti¬ 
tative calculations have, however, not been made. 


* See Stoner: Bibliography, (9), p. 390. 
f See Bibliography, (15). % Ibid., (15). 


§ Ibid., (16). 
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DISCUSSION ON 

“MODERN SYSTEMS OF MULTI-CHANNEL TELEPHONY ON CARLES ”* 

THE AUTHORS’ REPLY TO THE DISCUSSIONS AT LEEDS, BIRMINGHAM, 

LIVERPOOL, AND EDINBURGH 


Col. A. S. Angwiti and Mr. R, A. Mack (in reply): 
A number of the points touched upon in the discussions 
can only be elucidated as the result of more extended 
experience, and we feel that many of the speakers tend 
to lose sight of the shortness of the time that the 
12-ch an nel system has been in service and the experi¬ 
mental nature of the coaxial system. The decision to go 
forward with full-scale trials of the systems described 
was based on general economic and technical grounds 
rather than on detailed economic investigations, and 
experience under service conditions, confirms the expecta¬ 
tions of greater economy in the provision of trunk tele¬ 
phone circuits. 

As stated in the paper, one of the reasons for installing 
the coaxial cable was the possibility of obtaining, at some 
future date, one or two channels for the transmission of 
television programmes, but the paper was concerned 
more with the provision of telephone circuits. Several 
speakers directed their inquiries towards the question of 
phase compensation. Phase and attenuation compensa¬ 
tion together form perhaps the most difficult problem 
in the transmission of high-definition television signals 
over cables. Now that a block of telephone circuits is 
working on the London-Birmingham coaxial cable, effort 
is being concentrated on the problem of television trans¬ 
mission. There seems no practical possibility of trans¬ 
mitting high-definition television without allocating a 
band of at least 1-| or 2 megacycles to each transmission. 

Theoretically, each such band might be split into a 
number of narrower bands for transmission over separate 
channels or even separate lines, the bands being recom¬ 
bined at the point of reception. This has been shown, 
experimentally, to be possible to a limited extent. The 
greater the subdivision, however, the more the method 
becomes impracticable for reasons of complexity and cost. 

The speed of transmission over the coaxial cable is 
about 180 000 miles per sec., not greatly different from the 
velocity of light. This gives a time of transmission for 
400 miles of 2J millisec. The delay in terminal equip¬ 
ment and repeaters would not as much as double this 
time. 

The use of tubular structures transmitting much higher 
frequencies than are at present contemplated for coaxial 
cables may-enable a number of high-definition television 
transmissions to be passed over a single tube, but a large 
amount of research and development work will be neces¬ 
sary before this can be accomplished in a practical 


fashion. Mr. Terroni, we feel, is over-optimistic in. 
suggesting that the hyper-frequency wave guide may 
come into commercial use within the next few years.f 

Prof. Palmer in his remarks no doubt has in mind these 
same developments. Measurements so far made on the 
Post Office coaxial cables have not shown any effect such 
as he mentions. 

The translation of television signals into the frequency 
range appropriate to the coaxial cable is carried out with, 
a carrier frequency of the order of twice the highest 
frequency transmitted. 

Phase compensation, so essential for television trans¬ 
mission, is not necessary for telephone circuits on the- 
coaxial cable, and consequently the correction of attenua¬ 
tion distortion only has been undertaken in providing, 
telephone circuits. 

The possibility of complete breakdown of a coaxial 
system, with the consequent loss of some 300 or so- 
circuits when the cable is fully equipped, is mentioned, 
several times in the discussions. This is a disadvantage 
of the system which had to be taken into account when 
embarking on its development. As regards the penetra¬ 
tion of water into the coaxial cable through a small hole- 
in the sheath, due to corrosion, it is likely that the fall in 
insulation of the interstice pairs will give adequate warn¬ 
ing. Serious mechanical damage is no more preventable 
than where an ordinary multi-conductor paper-insulated 
cable is concerned, though the stoppage is more likely to- 
be complete in the coaxial case. Against breakdown of 
an intermediate repeater there is the insurance of auto¬ 
matic change-over to the spare repeater. The method 
of accomplishing this will be found outlined in the 
paper (see vol. 81, p. 589). The conditions of anode and 
filament voltage of the spare repeaters are indicated in, 
our reply to the London discussion (see vol. 81, p. 605). 

Owing to the high losses in each repeater section it 
would not be possible to work circuits with a faulty 
repeater strapped out. This applies to the 12-channel 
system as well as to the coaxial system. 

The question of the power-handling capacity of an 
amplifier which is to transmit a large number of carrier 
channels is still a matter of theory which can be satis¬ 
factorily settled only as the result of practical trials- 
which will become possible as systems such as the 
London-Birmingham coaxial cable are brought into use. 
So far as is known, the results of such practical trials are 
not yet available. This subject was referred to in our 
reply to the London discussion. The London-Birming- 

f See “ Hyper-Frequency Wave Guides,” Bell System Technical Journal.. 


* Paper by Col. A. S. Angwin and Mr. R. A. Mack (see vol. SI, p. f>73). For 
tlie discussions to which this reply relates, see vol. 83, p. 210. 
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ham system has been designed to transmit the high- 
frequency currents of the highest channel at approximately 
the same level as that at which the corresponding speech 
currents enter the trunk circuit. This, of course, is a very 
variable power, but, even making allowance for the lowest 
speech levels occurring in practice, attenuation by 50 db. 
during transmission along the line before reaching fhe 
input of the next repeater still leaves an adequate margin 
above the level of resistance noise (approximately 130 db. 
below 1 mW). The method of pre-equalization adopted 
for the coaxial system has certain advantages when the 
power-handling capacity and the gain of the repeaters 
are being used to their fullest extent. On the Bristol— 
Plymouth system the more normal, and on the whole 
more convenient, method of equalization has been 
adopted as it was possible to design repeaters, for this 
lower-frequency system, having a greater margin. 

The design of a negative feed-back amplifier for a 
frequency range such as 2 megacycles centres around the 
valve characteristics, as explained on page 589 of the 
paper. It happened that the valves having the most 
suitable electrical characteristics even for the earlier 
stages of the amplifier were “ power ” valves. New 
types of valves are now available, and in due course it 
will be possible to design a repeater with a lower con¬ 
sumption of power. The use of 21 volts (filaments) and 
130 volts (anodes) for terminal equipment is in con¬ 
formity with existing practice at telephone repeater 
stations, where such equipment will be installed. A 
higher voltage was necessary for the output stage of the 
line repeaters. The history attaching to the normal 
repeater-station voltages would hardly be appropriate in 
this reply. 

The addition of repeaters at intermediate points in the 
12-channel system seems likely to prove a practical and 
economical method of increasing the number of circuits 
obtainable, but the coaxial case is perhaps less certain. 
The tolerance of 1 • 9 miles mentioned in relation to the 
spacing of coaxial repeater stations is not hard and fast. 
The upper limit of 7-9 miles, however, is not being 
exceeded. It is too early yet to say whether the coaxial 
" phantoms ” will be used. The use of a balanced type 
of high-frequency cable in conjunction with a coaxial 
submarine link was referred to by Dr. Rosen in the 
London discussion. In suitable cases the junction could 
be effected by a transformer or, more frequently, by 
amplifying equipment. 

The figures for change of attenuation, per mile, due to 
temperature variations, on the New York-Philadelphia 
coaxial system, are not directly comparable with the 
London-Birmingham case owing to the higher attenua¬ 
tion per mile of the former, but even so the figures quoted 
by Mr. Smith are rather surprising. 

For information concerning quartz-crystal cutting, 
reference should be made to a paper on this subject by 
C. F. Booth and E. J. C. Dixon* The crystal used to 
generate the fundamental 400-kc./sec. oscillation is a 
critically cut crystal of the so-called “ zero-temperature 
coefficient cut.” Temperature control was added, at no 
great cost, to ensure the greatest possible stability. 

* C. F. Booth and E. J. C. Duxon: “ Crystal Oscillators for Radio Trans¬ 
mitters,” Journal I.E.E., 1935, vol. 77, p. 197. 


The gain/frequency curves of negative feed-back 
repeaters given in the paper are correct within the 
limitations of the scales used. The surprising evenness 
of frequency response is one of the remarkable features of 
this type of amplifier. The term “ well designed ” was 
used in the paper, perhaps inadvisedly, in connection 
with this characteristic. If there is a reduction in gain, 
due to feed-back, of, say, 15 db. or more, this flatness of 
characteristic will be in evidence provided the repeater is 
stable. It is a peculiarity of this type of repeater that it 
is either all right or all wrong! Provided the design is 
satisfactory little adjustment is required, though the 
tracing of design troubles causing instability may be 
difficult. 

The coaxial cable was designed with tubes formed of 
overlapping Z-shaped ribbons to constitute a self-sup¬ 
porting structure, and no difficulty has been experienced 
in the transport of the cable when wound on drums of a 
size appropriate to the diameter of the finished cable. 
The optimum ratio of conductor diameters, i.e. 3-6, has 
been adhered to as closely as practicable, though a slight 
divergence from the optimum ratio in the design is not 
serious. 

A slight divergence from concentricity of the centre 
wire is of no moment where telephony is concerned; 
eccentricity needs to be appreciable before increase in 
attenuation is noticeable. For television, however, it is 
desirable to approach exact concentricity as far as 
practicable, as irregularities result in reflections which 
give rise to interference effects. 

The purpose of the thin brass tapes is to hold the 
components of the tube in position while the thin lead 
sheath is applied. The lead sheaths on individual tubes 
are to facilitate subsequent manufacturing operations as 
well as to reduce cross-talk between tubes and the effect of 
external disturbances. In the Birmingham-Manchester 
section of the coaxial cable, thin steel tapes are used 
instead of the individual lead sheaths, and the brass tapes 
and thin lead sheaths are not required. The substitution 
of steel tapes results in a reduction in cost, as well as 
giving greater immunity from cross-talk and interference. 
It is not anticipated that there will be any measurable 
change in the characteristics of the coaxial cable due 
to any slight oxidization of the internal surface of the 
tubes and of the centre wire which may occur. In the 
design of cable, however, in which a thin skin of high- 
conductivity material, such as a silver plating, might be 
used to provide the path for the high-frequency currents, 
any oxidization which took place might have serious 
effects on the transmission characteristics of the cable. 
In any case, the characteristics would be directly 
dependent upon the thickness of the skin of high-con- 
ductivity material, and to arrive at a satisfactory 
practical result would probably require extended trials. 

A smaller-diameter coaxial cable, suitable for the trans¬ 
mission of 100 circuits, has been suggested. There would 
not be any serious practical difficulty in manufacturing- 
such a cable, but for the present it is preferred to confine 
coaxial systems to routes where larger numbers of circuits 
are required. 

In making joints and terminating the coaxial cable, a 
sufficient thickness of metal is used to provide for the 
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attenuation of external disturbance effects and cross-talk, 
but, apart from this, no special precautions have been 
found necessary owing to the uneven distribution of the 
high-frequency currents within the thickness of the con¬ 
ducting tubes. Owing to the use of an improved quality 
of esterified cotton insulation the cable in the Birming- 
kam-Manchester section has lower dielectric losses, and 
although the tubes are of smaller diameter the attenua¬ 
tion per mile at 2 Mc./sec. will be no greater than that of 
the London-Birmingham cable. 

As several speakers suggest, the air-space inside the 
tubes will render ingress of water, in this type of cable, 
more serious than in normal paper-core cables. With 
the use of gas pressure, attractive though it is, in the 
event of the cable being cut the possibility would remain 
of water running a long way into the cable on a gradient. 
It has been deemed inadvisable to adopt a gas pressure 
system, and solid joints have been made to ensure that 
not more than a single length shall be damaged when the 
cable has suffered mechanical injury, fas by a pick. It is 
doubtful whether cable could be made fit for use again 
where ground water has actually entered the tubes. The 
thin lead sheaths on the tubes cannot be relied upon to 
keep out water indefinitely, but will be sufficient protec¬ 
tion to enable the high-frequency circuits to continue 
to work in the event of the main cable-sheath being 
punctured by corrosion or otherwise. Meanwhile, the 
fall in insulation of the interstice pairs will enable the 
fault to be localized. The new design of cable with steel 
tapes will offer less resistance to penetration of the tubes 
by water, but, even so, tests in the factory have indicated 
that the fall in insulation in the tubes will be delayed for 
a considerable time. It appears that breakdown due to 
the power voltage would probably occur before serious 
degradation of the high-frequency circuits. The trans¬ 
mission of power over the cable is without effect on its 
high-frequency characteristics. It was decided to trans¬ 
mit power over the cable to minimize the number of 
power breakdowns, each of which would paralyse the 
system unless stand-by generating equipment were 
provided. 

Where the cable passes through areas known to favour 
corrosion the sheath has been protected with compounded 
hessian tape. Anti-creepage devices of the normal Post 
Office design have been provided in one section of the 
cable. 

To facilitate interconnection of 12-channel and coaxial 
systems it has been decided that, besides the alteration 
of the channel spacing to 4 kc./sec., the number of 
channels per group will be increased to 12. It will 
probably not be economical to branch out less than a 
super-group at an intermediate point, but such a super¬ 
group need not be fully equipped in the first instance. 

Screens and earth connections have been freely used on 
the equipment where experience has suggested their use¬ 
fulness, notably for the filters and the line repeaters. 

The statement that it was impracticable to modulate 
directly into the megacycle range was not intended to 
imply that it was impossible. It is largely a matter of 
economy of design. An impracticably large number of 
different designs of filters and different carrier frequencies 
would otherwise be involved. 


The great bulk of the equipment for a coaxial terminal 
is that concerned with assembling the channels into 
groups, and in consequence every effort was made to 
simplify and reduce the cost of this equipment. Although 
the use of cuprous-oxide rectifiers could have been 
extended to the group modulators, the super-group 
modulators operate up to frequencies where the capaci¬ 
tances of the rectifiers are so excessive as to prohibit their 
use completely. The Carson circuit has been used, where 
valves have been employed, to reduce the number of 
valves. 

Reference has been made to the use of manholes, in 
America, to house coaxial repeaters. These manholes 
are, of course, specially constructed for the purpose, but 
the Post Office has preferred to avoid all risk of flooding 
by placing the repeaters in small buildings above ground. 

The increased number of pairs in the star-quad 
12-channel carrier cables has been accompanied by a 
slight decrease in capacitance per mile as compared with 
the Bristol-Plymouth twin cable. The actual average 
capacitances are 0-058 and 0-057 /xF per mile, as com¬ 
pared with 0 • 065 /xF for star-quad and multiple-twin 
cables of normal British construction. 

The attenuation of the star-quad carrier cables at 
60 kc./sec., however, is somewhat more, owing to greater 
high-frequency losses resulting from the higher average 
concentration of copper in the star-quad formation. The 
increase in the attenuation—from 2-5 db. to 2-6 db. per 
mile—is too small to warrant a change in the maximum 
repeater spacing of 22 miles. No difficulties are being 
experienced with the star-quad cables, and freedom from 
cross-talk is of similar standard to that obtained in the 
Bristol-Plymouth scheme. 

The reasons which prompted the grading of capacitance 
in the Bristol-Plymouth system can hardly be satis¬ 
factorily explained in this reply, but roughly two purposes 
were served, namely to obtain a smooth impedance/fre¬ 
quency curve—thus assisting in avoiding reflections from 
equipment at the ends of repeater sections—and, 
secondly, to minimize reflections within repeater sections. 
This latter has a bearing on the use of balancing networks 
to reduce distant-end cross-talk, as such networks 
are, in practice, only effective against true distant-end 
cross-talk and not against cross-talk which has undergone 
reflections due to irregularities in the impedances of 
cable-lengths within the repeater section. Incidentally, 
there appears to have been some misunderstanding con¬ 
cerning the location of the networks. It is not necessary 
that they should be exactly at the mid-points of repeater 
sections. At the time the paper was written no decision 
in the matter had been made, but in future schemes the 
networks will be at the receiving ends of the cables in 
each repeater section. 

We are unable to agree with the reasoning behind the 
suggested use of screened pairs as an improvement upon 
the Bristol-Plymouth cable system. The limitation 
leading to a repeater spacing of the order of 22 miles 
resides in the noise that would be introduced by amplifiers 
on a very long circuit rather 1 than in distant-end cross¬ 
talk, and the addition of screens would not affect this limi¬ 
tation. Actually, the 22-mile spacing represents a practi¬ 
cal balance between economy in copper and increased 
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expenditure on repeaters and their maintenance, and if 
it were desired to increase the distance between repeaters 
the use of heavier conductors would achieve this result in 
the most straightforward and economical way. 

The possibility of reconditioning existing trunk cables 
for conversion to 12-channel carrier has not been over¬ 
looked, but the exceptionally heavy demand for addi¬ 
tional circuits on all the main routes has until recently 
ruled out the release of cables for such work. Progress 
in the installation of 12-channel schemes in the Scottish 
region, described by Mr. McKichan, is typical of progress 
elsewhere in the Post Office system, and pressure has 
already been relieved to some extent by these new 
12-channel cables. 

The discussion of the operation of 12-channel systems 
under fault conditions is of considerable interest. It 
would not be practicable, even in emergency, to work 
'* go ” and " return ” 12-channel systems within a single 
cable. It is the elimination of near-end cross-talk 
between “ go and ” return ” by using two cables which 


makes possible the 12-channel system, with its high 
attenuation between repeaters. 

Several speakers ask for information concerning the 
coplanar-grid valve. An article on this subject will be 
found in the Bell System Technical Journal,* 

It is true that the distances over which carrier-current 
working is economical have been continually decreasing, 
but the use of carrier in subscribers’ cables to avoid laying 
new cables to provide for growth is surely looking very 
far ahead. 

The question of signalling was not dealt with in the 
paper because signalling over the circuits on the two 
systems described is subject only to the same limitations 
as normal 4-wire trunk circuits, which at present are 
operated on a generator signalling basis, using a modu¬ 
lated 500-cycle tone. The 2-frequency signalling and 
dialling system will be of equal value on audio and 
carrier (12-channel and coaxial) circuits. 

* H. A. Pidgeon: “ Theory of Multi-Electrode Vacuum Tubes,” Bell System 
Technical Journal, 1935, vol. 14, p. 77. 


INSTITUTION NOTES 


I.E.E. MODEL FORM OF GENERAL CONDITIONS 
FOR CONTRACTS 

Form A of the above Conditions (Home, with Erec¬ 
tion), including Forms of Agreement and Guarantee, has 
been revised. Copies of the new edition (revised 1938} 
are now available from the Secretary of The Institution, 
price 2s. (2s. 2d. post free). 

THE ENGINEERS’ GERMAN CIRCLE 

The following meetings have so far been arranged by 
the Circle for the coming session and are open to members 
of The Institution:— 

Monday, 7 th November , at The Institution of Mechanical 
Engineers, at 6 p.m. (Tea at 5.30 p.m.) Lecture on 
“ Dampfkesselbau in Deutschland ” (“ Boiler Construc¬ 
tion in Germany ”), by Dipl.-Ing. F. Weber, Member 
of the Executive Committee of the Vereinigung der 
deutschen Dampfkessel- und Apparate-Industrie E.V. 

Monday, 2Sih November , at The Institution of Mechani¬ 
cal Engineers, at 6 p.m. (Tea at 5.30 p.m.) Lecture 
on “ Die Zerstorungsfreie Werkstoffpriifung in Deutsch¬ 
land ” (Noh-destructive Testing in Germany), by Dr. 

R. Berthoid, of the Reichs-Rontgenstelle beim Staatl 
M'aterial-prufungsamt, Berlin. 

Members can join the Circle by paying an annual 
subscription of 7s. 6d. The Honorary Secretary is Mr. 
E. L. Diamond, M.Sc.(Eng.), c/o The Institution of 
Mechanical Engineers, Storey's Gate, St. James's Park, 

S. W.l. 


TRANSFERS 

The following transfers were effected by the Council 
at their meeting held on the 30th June, 1938:— 

Student to Graduate 


Anderson, Murice Hector. 
Bailey, John Claude. 
Balchin, Douglas Bernard, 
B.Sc.(Eng.). 

Dennis, Harry Pollard. 
Dey, Douglas G. 

Douglas, Cecil Stuart, 

B. Sc. (Eng.) 

Falk, Alan David. 

Fuller, Alec Henry. 
Holman, John Arthur, 

B.Sc.(Eng.). 

Leitch, Donald Dewax, 
B.Sc. 

Liebert, Frank Peter, B Sc. 
Tech. 

McTaggart, Michael Aloy- 
sius. 

Majumdar, Denoy Kumar. 
Mills, Cyril Jack. 

Morris, John Francis, B.Sc. 
(Eng.). 

Nicholas, Walter Archi¬ 
bald. 


Oliver, Noel, B.Sc.Tech. 

Pereira-Mendoza, Vivian 
Moses, B.Sc.Tech. 

Payne, Thomas Carruthers, 
B.Sc. 

Porter, Harold. 

Purves, Ronald Marshall. 

Robinson, Allen Charles. 

Ross, John Prentice, B.Sc. 

Russell, Graham, B.Sc. 

Schaffer, Paul, B.Sc. 

Scorgie, Guy Craig, B.Sc. 

Scott-Lindsley, Mervyn 
Ewart. 

Searle, Kenneth Arthur, 
B.Sc.(Eng.). 

Smith, Bernard James. 

Tuttiett., Laurence 
Anthony. 

Walsh, Maurice Edward, 
B.Sc,(Eng.). 

Warburton-Gray, Stanley 
Gordon F. 

Wasal, Niranjan Singh. 
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ACCESSIONS TO THE REFERENCE LIBRARY 

[Note _The books carmot be purchased at The Institution; the names of 

the publishers and the prices are given only for the convenience of mem 
(*) denotes that the book is also in the Lending Library.J 


Academy of Motion Picture Arts and Sciences 
Motion, picture sound engineering. A series of 
lectures. 8vo. xx + 553 pp. (New York: D. 
Van Nostrand Co., Inc., 1938.) 20s. ( # ) 

Alber, E. Automobile electrical repairs, sm. Svo. 
vii + 108 pp. (London: E. and F. N. Spon, Ltd., 
1938.) 3s. Qd. (*) 

Andersen, R. C., M.C., and Dannenberg, K. New 
fuse efficiency and economy manual. 8vo. 56pp. 
(London: Electric Transmission Ltd., 1937.) ^ 

Barrows, W. E. Light, photometry and illuminating 
' engineering. 2nd ed. Svo. x + 445 pp. (New 
York; London: McGraw-Hill Book Co., Inc., 1938.) 

24s. (*) . . 

Beaumont, W., M.R.C.S., L.R.C.P. Infra-red irradi¬ 
ation. With a foreword by Lord Border. sm.8vo 
ix + 139 pp. (London: H. K. Lewis and Co., Ltd. 
1936.) 6s. Qd. 

Bell, E. T., Ph.D. Men of mathematics. Svo. 653 pp. 
(London: Victor Gollancz, Ltd., 1937.) 12s. Qd. (*) 

Binder, L., Dr .- Ing . Die Wanderwellenvorgange auf 
experimenteller Grundlage. Aus Anlass der 
Jahrhundertfeier der Technischen Hochschule 
Dresden . . . dargestellt von L. B. (Berlin. Julius 
Springer, 1928.) RM. 23.50. 

Bitter, F. Introduction to ferromagnetism. 8vo. 
xi 4- 314 dd. (New York, London: McGraw-Hill 
Book Co., Inc., 1937.) 24s. 

Bolton, D. J., M.Sc. Costs and tariffs in electricity 
supply. Svo. xii + 214 pp. (London: Chapman 
and Hall, Ltd., 1938.) 12s. Qd. {*) 

Burstyn, W., Dy. Elektrische Kontakte. Grund- 
lagen fiir den Praktiker. 8vo. vi + 79 pp. 
(Berlin: Julius Springer, 1937.) RM. 6.60. 

Cameron, J. R. Sound motion pictures: recording and 
reproducing. 8vo. 310 pp. (Cameron Publishing 
Co., Woodmont, Conn., U.S.A., 1937.) 30s. (*) 

Campbell, G. A. The collected papers of George 
Ashley Campbell, research engineer of the American 
Telephone and Telegraph Company, la. 8vo. 
xii + 548 pp. (New York: American Telephone 
and Telegraph Company, 1937.) 

Cartwright, A. B. The drawing office handbook. 
2nd ed. 8vo. 27 pp. (London: The Drawing 
Office Material Manufacturers’ and Dealers’ Asso¬ 
ciation, 1936.) 5s. (*) 

Christie, V. B., M.A. Electrical engineering. The 
theory and characteristics of electrical circuits and 
machinery. 5th ed. 8vo. xxii + 717 pp. (New 
York: McGraw-Hill Publishing Co., Ltd., 1938.) 
30s. (*) 

Clark, C. H. D., D.Sc. The fine structure of matter, 
pt. 2, Molecular polarization. Being vol. 2 of “ A 
comprehensive treatise of atomic and molecular 
structure.” Svo. lxxii + 217—457 pp. (London. 
Chapman and Hall, Ltd., 1938.) 15s. (*) 

Commission Internationale de l’Pclairage. 9e 
session, Berlin et Karlsruhe—-juillet 1935. Recueil 
des travaux et compte rendu des seances. Svo. 


vii + 679 pp. (Cambridge: University Press, 1937.) 
20s. 

Conference Internationale des Grands Reseaux 
Plectriques 1 Haute Tension. Compte-rendu 
des travaux de la 9e session, 24 juin-3 juillet, 193/. 
Etabli par J. Tribot-Laspiere. 3 tom. Svo. 
Paris, Avenue Marceau, 54: Conference Intel- 
nationale des Grands Reseaux Plectnques, 1938.) 

Copper ^ Development Association. Publication 
no. 29: Copper in cast steel and iron. 8vo. 138 pp. 
(London: Copper Development Association, 1937.) 
Cotton, H., M.B.E., D.Sc. Electrical technology. A 
textbook for the following examinations. National 
Certificate, City and Guilds, I.E.E., B.Sc Engm 
eering. 3rded. Svo. xiv + 523 pp. (London. 
Sir Isaac Pitman and Sons, Ltd., 1938.) 12s. Qd. ( ) 

Croft, T. Central stations. 3rd ed., revised by G H ; 
Hall. Svo. xii+ 360 pp. (New York, London. 
McGraw-Hill Book Co., Inc., 1937.) _ 18s. ( ') 

Croft, T. Electrical machinery. Principles operation, 
and management. 4th ed., revised by G. H. Ilail. 
Svo. xii + 394 pp. (New York; London: McGraw- 

Hill Publishing Co., Ltd., 1938.) 18s. (*) 

Cross H. H. U. The battery book A practical 
manual on the construction, charging, care and 
repair of automobile, motor cycle, radio, aviation, 
electric vehicle, medical and other similar batteries. 
With a foreword by J. Y. Fletcher, sm 8vo. 
xii + 196 pp. (London: The Technical 1 ress, Ltd., 

Deribere, M.‘ La regulation automatique des fours 
electriques. Preface de A. Levasseur. vo. 
vi + 87 pp. (Paris: Dunod, 1938.) 25 francs. 

Eccles, H. Glass working for luminous tubes, sm 8vo. 

143 pp. (London: Blandford Press Ltd., 1937.) s. 
Einstein, A., Ph.D., and Infeld, L. The evolution 
of physics: the growth of ideas from the ear} 

concepts to relativity and quanta. Svo. *+319 pp. 

(Cambridge: University Press, 1938.) 8s. Qd. ( ) 

Elliott W. F. Sound-recording for films. A review 
of modem methods. With a foreward by P. Rotha. 
8vo xi + 134 pp. (London: Sir Isaac Pitman 

and Sons, Ltd., 1937.) 10s. Qd. (*) 

Engineers ’ Who’s Who, 1937. Compiled and edited by 
M. E. Day. 183 pp. (London: The D.M.A. Co., 

Ltd., 1937.) 20s. . , 

Feldtkeller, R., Dr. Einfuhrung m die Vierpol- 
theorie der elektrischen Nachrichtentechmk. (Physik 
undTechnik der Gegenwart; herausgegeben von H. 
Fassbender, Band 2.) 8vo. ix + 142 pp. (Leip¬ 
zig: S. Hirzel, 1937.) RM. 10. 

Field, S., and Weill, A. D. Electro-plating. A survey 
of modem practice, including nickel, zinc, cadmium, 
chromium, and the analysis of solutions. 3rd ed. 
sm. 8vo. x + 381 pp. (London: Sir Isaac Pitman 
and Sons, Ltd., 1938.) 12s. Qd. (*) 

Fink, D. G. Engineering electronics. 8vo. xm + 3o8 
pp. (New York; London: McGraw-Hill Publishing 

Co., Ltd., 1938.) 21s. (») 

Fleming, Sir J. A., M.A., D.Sc., F.R.S. Elementary 
mathematics for electrical engineers. Svo. 110 pp. 

(London: George Newnes, Ltd., 1938.) 5s. (*) 
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TYPE,JA.P.F. WITH COVER REMOVED 


A manufacturer is saving ^123 . 5 . 8 per annum by using a Dubilier condenser. 

His original tariff, a graded scale, averaged id. per unit. By improving the power factor with a Dubilier Power 
Factor Correction Condenser from *87 to -95 he was able to transfer to a much more advantageous tariff, which 
averaged * 83d. per unit for the first 26,250 units per quarter and -7fid. per unit for the balance. His annual consumption 
is 162,3 50 units and his account has now been reduced from £676 . 9 . 2 to £$ 5 3 . 3 . 6. As this saving cannot be 
effected without great reliability, a Dubilier Power Factor Correction Condenser, which has no moving parts, is installed, 
assuring him of many years of trouble-free service. 


Reliability is of greater importance than first cost, and in the long run it is more economical to buy Dubilier Power Factor Correction Condensers. 



DUBILIER CONDENSER CO. (1925) LTD., DUCON WORKS, VICTORIA ROAD, NORTH ACTON, LONDON, W.3 

C. R. Casson, P.F.y 
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We also supply 
Cadmium Copper 
Trolley Wire to 
B. S. S. 23—1933. 
and 

Cadmium Copper 
Line Wire for 
Telephone & Tele¬ 
graph purposes to 
B. S. S. I7S—1927. 


OVERHEAD POWER 
TRANSMISSION LINES 


No other non-ferrous material combines electrical 
and mechanical advantages for high tensile overhead 
line conductors so effectively as B.l. CADMIUM 
COPPER. Hard drawn wires containing approxi¬ 
mately 1% cadmium, have 30% to 50% greater tensile 
strength than hard drawn copper wires of equal 
section ; and an electrical conductivity not less than 
83% of the I.E.C. Standard for annealed copper. 

The high conductivity of B.l. CADMIUM COPPER 
wire as compared with other high tensile conductors 
enables smaller wire to be used with reduced ice and 


wind loading. The cost of supporting structures may 
be thereby reduced, while the high tensile strength 
allows of longer spans. 

Other advantages of B.l. CADMIUM COPPER are its 
high fatigue strength and its resistance to atmos¬ 
pheric corrosion. It complies with the requirements 
of British Standard Specification No. 672—1936. 

We have ample facilities for the production of Cad¬ 
mium Copper and have supplied it extensively during 
the past 15 years. 
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ALUMINIUM CONDUCTORS 
OVER A GAS-PRODUCING PLANT 


A recent rearrangement of the works at Messrs. 
Hoffmann Manufacturing Co. Ltd., Chelmsford, has 
necessitated the removal of the aluminium conductors 


EMPIRE 
EXHIUTION 
icoruma mu 


which were found in perfect condition after 28 years’ palace 

efficient service. engineering 


Specimens can be seen at any time at our Head Office 
in Adelaide House. 


THE 


CO. LTD 

HEAD OFFICE: ADELAIDE HOUSE, LONDON, E.C.4. Telephone: Mansion House 5561. Telegrams: “Cryolite, Bilgate, London.” 


I.E.E. 10:33 



















I.E.E. Journal Advertisements 


(iv) 



li Povta^te. 
SCILLOGRAPH 

incorporating 

HIGH VACUUM CATHODE RAY TUBE 


TYPE 

74330A 


A N inexpensive universal instrument for HIGH or LOW 
FREQUENCY WORK. 

0 Incorporates a new High Vacuum Tube with 3" diameter screen 
• Horizontal and Vertical Amplifiers. 

& Linear Time Base which is balanced to insure uniformly good focus 
over the whole screen. 

# Operates from A.C. Mains, is compact and easily portable. 

PRICE IN GREAT BRITAIN AND N. IRELAND - £17 . 10 . 0 

ILLUSTRATED LITERATURE WILL BE SUPPLIED UPON REQUEST 


Standard Telephones and Cables Limited 


NORTH WOOLWICH 

Telephone 



L ON DON 

Albert Dock 1401 


E. 16 
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t MBl v'M'Crypf. f.l. 


fi/KWH 


Believing nothing is so good that 
it cannot be better, we have a 
large staff of research workers 
constantly seeking ways and means 
of improving the Ferranti Meter. 


FERRANTI LTD.. HOLLINWOOD, LANCS. London Office: Bush House Aldwych, W.C 2 


FM6Q 
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L U AND JLjJU 
BIRMINGHAM 


GLASGOW 


LONDON 


Stewarts and Lloyds’ tubular steel 
poies are being used to an ever- 
incr asing extent) for trolley-bus 
poles and electricl and gas lighting 
poles. They are immensely strong 
and being ductile—not brittle— 
resist impact in the event of accident. 


In the top view note the tubular 
cross bracing carrying trolley-bus 
overhead wires. In the bottom view 
the braced pole in the foreground 
stands at a six-way junction, where, 
we are told, it carries the heaviest 
suspended gear in the country, the 
total weight being some 3£ tons. 


The use of ‘ S &. L ’ steel poles is a 
distinct contribution to public safety 
because of their strength, their free¬ 
dom from breakage, and their 
adaptability to the most varied and 
onerous conditions. 





























Use a rectifier that has behind it a proved record 
of ten years’ outstanding reliability and efficiency. A 
rectifier that will give satisfactory service for years and 
years without any attention or renewal. A Westing- 
hm.cp Rritish-made CoDDer-oxide Metal Rectifier. 


Write for booklet D.P.l I /l.E.E. 


Westinghouse Brake & Signal Co. Ltd., 82, York Way, King’s Cross, London. N.l. 
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SMITH METERS LTD ., ROWAN RD 


THE SMITH TYPE A.P.F PREPAYMENT METER WITH FIXED CHARGE COLLECTOR 

Conure ensive...yet h aw $if” LE 


COLLECTION 


The mechanism used in the Smith Two-Part Tariff 
Prepayment Meter, Type "A.P.F." for the collection of 
arrears in the fixed charge is one of the most out¬ 
standing inventions in meter design that has been 
achieved in recent years. It provides the greatest 
convenience and consideration for the consumer and 
the supply company. 

THE KEYNOTE OF THE MECHANISM IS SIMPLICITY. 

Whenever the consumer falls into arrears with the 
fixed charge the power from the synchronous motor 
is automatically transferred to a spring which is wound 
up in proportion to the amount of the arrears. By a 
simple setting the effects of the synchronous motor and 

- the unwinding of the spring become additive 

and the consumer is enabled to pay of 
| the accumulated arrears at the same rate 
H per week as the fixed charge, the rate 
\\ per unit remaining unaltered. 


INHERENT ACCURACY 


Manufactured under Smith and Angold Patents 
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THE SMITH TYPE A.P.F. PREPAYMENT METER WITH FIXED CHARGE COLLECTOR 


THE 

RATE CHANGE 
ADJUSTMENT 


Accuracy and simplicity in adjustment are the outstanding features in the 
rate-change mechanism unit in the Smith Type 'A.P.F.' Prepayment Meter. 
Three scales, with a convenient slider, provide 108 possible rates between 
id. and Is. 4d. per unit. 

As we have stated already, this easy price change with the Fixed Charge 
Collector completes the provision for conversion of "straight" Prepayment 

Meters to Two-Part Tariff Prepayment Meters. 

WHAT COULD BE SIMPLER, MORE EFFECTIVE, 

Hilflll CONVENIENT, OR ACCURATE — OR MORE 

COMPREHENSIVE) 


SMITH METERS LTD., ROWAN RD., STREATHAM VALE S.W.I6. POLLARDS 2271 
Manufactured under Smith and Angold Patents 








The Strowger 32A 200 lines Final Selector 


S OME forty years ago the pioneers of the Strowger system of 
automatic telephony produced their first switching mechanism 
for the automatic connection of subscribers. It operated upon 
the decimal principle and it appeared to its originators to be funda¬ 
mentally sound, although naturally capable of improvement as auto¬ 
matic telephony developed. 

Just how sound the principle was is evidenced by the introduction 
into service of the new type 32A Selector, for this mechanism, which 
may without exaggeration be described as one of the most important 
contributions yet made to automatic telephone switching methods, 
operates upon the same decimal basis of subscriber selection first 
enunciated forty years ago. This retention of the original principle 
was by no means regarded as essential when the technicians at Strowger 
Works commenced their efforts in 1930, to produce a mechanism 
which would be superior both in operating characteristics and in 
construction to the highly efficient Strowger Selectors already in 
service. Those concerned were so bent upon achieving their end 
that they were prepared to abandon the principle which had proved 
so successful in the past and to embark upon a new system of operation 
if one could be found which was definitely superior from every view¬ 
point. 

But their early investigation and the intensive research and exhaustive 
tests which followed only served to prove that the Strowger principle 
of decimal working coupled with a selector operating upon the two- 
motion principle is unsurpassed by any other. Two triumphs are thus 
typified in the new 32A Strowger Selector. It represents the con¬ 
tinued superiority of a forty years’ old principle and the successful 
culmination to six years of research and development. 


AUTOMATIC TELEPHONE & ELECTRIC CO. LTD.— 


MELROURNE HOUSE, ALOWYCH, LONDON, VV.C.2 Thune Temple llor TSIlli Brains 'Stronger, EMrand. London' | 

Export Bales: NORFOLK HOUSE, NORFOLK ST., STRAND, W.C.2 Won- Temple War II2B2 'firania 'Auteleo, Estrand, London* % 
STROWGER WORKS, LIVERPOOL, 7 Thane Hid Swan «3B Braina '.STrowfier, Liverpool' 
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PRODUCTS 


Mechanical 
Draft Plant 

“ SIROCCO ” induced Draft Fans 
and “DAVIDSON” Patent Cen¬ 
trifugal Flue Dust Collectors at 
Clarence Dock Power Station 

(Corporation of Liverpool Elec¬ 
tricity Department) P. J. Robinson, 
M.Eng., M.I.Mech.E., M.I.E.E., 
City Electrical Engineer. 

Ask for new Publication, Ref. No. 

SF66, describing “ DAVIDSON 

0 

patent Flue Dust Collectors. 
(New Mechanical Draft Publica¬ 
tion now in course of preparation.) 

Use “ SIROCCO ” Air Con¬ 
ditioning for personal comfort 
and specialised process manu¬ 
facture. 



Part of the Mechanical Draft Installation- 
servicing four Boiler Plants. 


Manufactured by 


i| f? SIROCCO 99 Mechanical 
il Draft Is at work in the 
majority of Power Stations 
selected for National 
Electricity Supply* 


LONDON -i MANCHESTER - GLASGOW - BIRMINGHAM - NEWCASTLE - CARDIFF - BRISTOL - DUBLIN 
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C.M.A. Cables by reason of their quality, 
offer a complete assurance of reliability 
and dependable service ... 


. . . that’s why it pays to specify and 
use cables made by members of the C.M.A. 



C.M.A. Regd. Trade Mark Nos. 422210-20-21 
NONAZO Regd. Trade Mark No. 458865 

CABLES 


MEMBERS OF THE C.M.A. 


IP 


Copyright 
Colonel Sir 
Thomas F Purves 
Exctusive L ice n sees 
Members of the C.M.A. 


The Anchor Cable Co. Ltd. 

British Insulated Cables Ltd. 

Callender’s Cable & Construction Co. 

Ltd. 

The Craigpark Electric Cable Co. Ltd. 
Crompton Parkinson Ltd. (Derby 

Cables Ltd.) 

The Enfield Cable Works Ltd. 

Edison Swan Cables Ltd. 

W. T. Glover & Co. Ltd. 

Greengate & Irwell Rubber Co. Ltd. 
W.T. Henley’sTelegraph Works Co. Ltd. 
The India Rubber, Gutta-Percha & 

Telegraph Works Co. Ltd. 
(The Silvertown Co.) 


Johnson & Phillips Ltd. 

Liverpool Electric Cable Co. Ltd. 

The London Electric Wire Co. & 

Smiths Ltd. 

The Macintosh Cable Co. Ltd. 

The Metropolitan Electric Cable & 

Construction Co. Ltd. 
Pirelli-General Cable Works Ltd. 

(General Electric Co. Ltd.) 
St. Helens Cable & Rubber Co. Ltd. 
Siemens Brothers & Co. Ltd. (Siemens 
Electric Lamps & Supplies Ltd.) 
Standard Telephones & Cables Ltd. 
Union Cable Co. Ltd. 


Advt. of the Cable Makers' Association, High Holborn House, 52-54, High Holborn, W.C.I. Phene: Holbom 7633 
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CURRENT, POTENTIAL and 
POWER FACTOR CONTROL 
APPARATUS 


TTiqTWTiTiT 


Equipment supplied to meet all requirements, and 
to comply in all respects with the provisions of 
the above Act. 


Complete sets, or components, including Current 
and Potential Transformers, Rheostats, Resistances, 
Control Gear, Phase-Shifting and Regulating Trans¬ 
formers, Meter Benches, etc. 

Quotations and suggestions gladly forwarded on request. 


The ZENITH ELECTRIC CO. Ltd. 

Contractors to H.M. Admiralty, War Office, Air Ministry, 

Post Office, Principal Electricity Undertakings, etc. 

ZENITH WORKS, VILLIERS ROAD 
WILLESDEN GREEN, LONDON, N.W.2 


Telephone: 
WILIesden 4087-8-9 


Telegrams: 

"Voltaohm, Phone, London” 


Three-phase Control Equipment. 
0*05-100 Amperes, 0-500 Volts. 


The ANSWER 



AvoMei 


Read. Trade Mark 


Electrical Test 


W HEREVER electrical apparatus is used the AvoMeter 
should be on the spot. A self-contained precision 
A.C./D.C. instrument, the Model 7 Universal AvoMeter 
has 46 ranges'providing for all the measurements listed on. 
the left. The ranges are quickly selected by means of two 
rotary switches. (No external shunts or series resistances 
required.) Conforming to B.S. 1st grade accuracy require¬ 
ments, the meter is provided with automatic compensation 
for variations in ambient temperature, and is protected by 
an automatic cut-out against damage through overload. 
Write for fully descriptive pamphlet. 

1 / p . Also the 3 6-range Universal 

ID \jnS. Resistance range AvoMeter .. .. 13 gns 

Extension Unit (for measure- ,, ..... n r o 

ments down to 1/1 00th ohm) 22-range D.C. AvoMeter 9 gns. 


ONE instrument 
measures 

Current A.C. and D.C. 

(0 to 10 amps) 
A.C. and D.C. voltage 
"’■■■ (0-1,000 volts) 

Resistance (up to 40 
megohms) 
Capacity (0 to 20 mfds.) 
Audio-frequency Power 
Output (0 to 4 watts) 
Decibels ( — 10 db to 
+ 15 db.) 


ZJL 46-RANGE universal 


BRITISH 

MADE 


Sole Proprietors and Manufacturers :— 

THE AUTOMATIC COIL WINDER & ELECTRICAL EQUIPMENT 

CO. LTD. 

Winder House, Douglas Street, London, S.W.1 


Phone: Victoria 
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2,900 h.p. D.C. Roughing Mill Motor. 


Yet another important contribution towards 
the increased efficiency of well-known works 
.-sssS 5 throughout the country is the “ Metrovick ” 
Electrical Equipment of the new Sheet Bar 
Mill at the Albion Works of the Briton Ferry 
Steel Company. „ 


The Power House, with Turbo-flywheel 
Generator Set. 


Main Reversing Mills. 


Roughing Mill Control. 


Main Control Switchboard. 


This unique equipment, embodying the 
dual turbine-driven flywheel generator 
set, is representative of the adaptability 
of the technical and manufacturing 
resources of the Company to meet 
special local conditions. Whatever your 
steelworks drive problem, submit it to 
us for the most economical solution. 


__^ CO., LTD, 

MANCHESTER 17. 


PTF 0 TT > T r, i”iT *-*— 

TRAFFORD PARK 


COSMOS LAMPS “Queen Elizabeth” 
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ANY METERTESTING PROBLEMS 


HAVE YOU 


ELLIOT1 


We may. be able to help you solve them and we can 
certainly help you to obtain the best instrument 
equipment for Meter testing, in accordance with the 
requirements of the Electricity Supply ( eters) 



ELECTRICITY SUPPLY 
(METERS) ACT, 1936. 

★ 

T HE instrument illus¬ 
trated is the Labora¬ 
tory Standard D.C. Volt¬ 
meter (Moving Coil) 
with 12-inch scale, re¬ 
commended for use in 
conjunction with our 
D.C. Potentiometer for 
the periodical testing 
of Sub-standard Watt¬ 
meters. Vide Supplemen¬ 
tary Notes, paragraph 9. 
Accuracy : 0.1 per cent, 
of maximum scale read¬ 
ing. Diagonally divided 
scale. 


Write for Catalogue 
ELLIOTT BROTHERS 
(LONDON) LIMITED 
CENTURY WORKS, 
LEWISHAM, S.E.13 
ESTABLISHED--1800 


LIST OF ADVERTISERS IN 
THIS ISSUE 


Automatic Coil Winder & Electrical Equipment 
Co., Ltd. 

Automatic Telephone & Electric Co., Ltd. 

Babcock & Wilcox, Ltd... 

British Aluminium Co., Ltd... 

British Insulated Cables, Ltd.... 

British Thomson-Houston Co., Ltd.. 

Cable Makers’ Association...... 

Chamberlain & Hookham, Ltd... 

Davidson & Co., Ltd. .. 
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Dubilier Condenser Co. (1925), Ltd. 
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I.E.E. PUBLICATIONS 


The Journal. 

Published monthly, and circulated free of charge to 
members of all classes. Single Numbers: members of 
all classes, 5s. 3d.; non-members, 10s. 6d. 

Ten-Year Index to the Journal. 

To Vols. 1-10 (1872-82), 2s. 6d.; 11-20 (1882-91), 
2s. 6d.; 21-30 (1891-1901), 2s. 6d.; 31-47 (1901-1911), 
2s. 6d.; 48-59 (1912-21), 2s. 6d.; 60-69 (1922-31), 
10s. 6d. 

Proceedings of the Wireless Section. 

Published two or three times yearly, and circulated 
free of charge to members of the Wireless Section. 
Additional Numbers: members of all classes, 2s. 6d.; 
lion-members, 5s. 

Students’ Quarterly Journal. 

Published in March, June, September, and December, 
and circulated free of charge to Students, and Graduates 
under the age of 28. Single Numbers: members of all 
classes, Is. 6d.; non-members, 2s. 6d. Annual Subscrip¬ 
tion: members of all classes other than Students, and 
Graduates under the age of 28, 6s.; non-members, 10s. 

Science Abstracts (Section A, Physics; Section B, 
Electrical Engineering). 

Published monthly. Consists of full abstracts from 
the leading Scientific and Technical Journals of the whole 
world, thus presenting in a form convenient for im¬ 
mediate reference a complete and concise record of the 
progress of Electrical Engineering and Physical Science. 
Single Numbers: members of all classes, Is. 9d.; non¬ 
members, 3s. 6d. Annual Subscription: members of 
all classes other than Students, and Graduates under 
the age of 28, one Section 12s. 6d., both Sections 20s. 
Students, and Graduates under the age of 28, one Section 
5s., both Sections 7s. 6d.; non-members, one Section 35s., 
both Sections 60s. 

History and Objects of the Institution. 

Supplied free of charge to both members and non¬ 
members. 

Catalogue of the Lending Library. 

Revised 1936. Supplied free of charge to members. 

Regulations for the Electrical Equipment of Buildings 
(formerly I.E.E. Wiring Rules). 

Tenth edition, September 1934. Bound in cloth 
covers, Is. 6d. (postage 3d.). Bound in paper covers, 
Is. (postage 2d.). 

Regulations for the Electrical Equipment of Ships. 

Second edition, June 1926. Bound in cloth covers, 
3s. 6d. (postage 2d.). Bound in American cloth covers, 
2s. 6d. (postage 2d.). 

Model Forms of General Conditions. 

Form A . For Home Contracts (with erection). 
Revised 1938. 2s. (postage 2d.). 

Form B 1. For Export (delivery f.o.b.). Revised 
December 1928. Is. 

Form B 2. For Export (including complete erection 
or supervision of erection). Revised December 1928. Is. 

Form C. For the Sale of Goods other than Cables 
(Plome, without erection). Issued April 1924. 6d. 

Form D. For the Sale of Cables (Home, without 
erection). Issued April 1924. 6d. 

Papers set at the Graduateship Examination. 

Price Is. per set. 


The above publications are post free except where 
otherwise stated. They can be obtained from the 
Secretary of The Institution of Electrical Engineers, 
Savoy Place, Victoria Embankment, London, W.C.2, 
or from Messrs. E. and F. N. Spon, Ltd., 57 Haymarket, 
London, S.W.l. 



PORTABLE INSTRUMENTS 


AMMETERS 
VOLT METERS 
WATT METER 

A.C. and D.C. Sub-standard and Industrial 

Ask for quotations 


NALDER BROSAXHOMPSON L TD 


■ « 



'Phone r CUSSOLD 2 26S (3 linn). 
'Groms: OCCLUDE, HACK, LONDON , 


DALSTON LANE WORKS, 
LONDON, E.9. 




f 



POLYPHASE K.W.H. METER 


WITH 

K.V.A. DEMAND INDICATOR 

SIMPLICITY—always a feature of C. & H. design—is strongly 
evident in this combination Meter. One set of terminate 
and connections ensures correct installation. The testing 
and adjustment of the meter is simplicity itself. 

Manufacturers: 

CHAMBERLAIN & HOOKHAM, Ltd. 

SOLAR WORKS, NEW BARTHOLOMEW STREET 
BIRMINGHAM 

London Office: Magnet House, Kingsway, W.C.2 


b 
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BTH 17,500 KVA., (BSS Rating) 3-phase, 
'66-IIOKV., Type OFW, Tpansformefs 
installed at Mettur Daw. 

Mettur Hydro-electric Development, 
Government of Madras, India. 


These Transformers were subjected to 
impulse tests with full and chopped waves, 
on a gap of 26t , corresponding to a 
full wave impulse voltage of 400 KV- 


We make all types of TRANSFORMERS 






























LOCAL CENTRES AND 

NORTH-WESTERN CENTRE. 

( hairman. .W. Fennell. 

lion. Secretary. —L. H. A. Care, M.Sc.Tech,, “ Oaklcigh,” 
Cambridge Road, Hale, Altrincham, Cheshire. 

SCOTTISH CENTRE. 

Chairman .— W. j. Cooper. 

Hon. Secretary .— R. B. Mitchell, 154, West George Street, 
Glasgow, C.2. 

Hon. Assist. Secretary. —H. V. Hennikee, 172, Craigleith 
R oad, Ed i n bu rg h . 

Dundee Sub-Centre. 

Chairman. —G. F. Moore, B.Sc. 

I ton. Secretary. —P. Philip, c/o Electricity Supply Dept., 
Dudhope Crescent Road, Dundee. 

SOUTH MIDLAND CENTRE. 

Chairman. .H. Faulkner, B.Sc. 

Hon. Secretary .— R. FI. Rawll, (55, New Street; Birmingham. 

East Midland Sub-Centre. 

( hairman .T. Rowland, 

Hon. Secretary.---}. F. Driver, Brighton House, Herrick 
Road, Loughborough. 


SUB-CENTRES— Continued. 

WESTERN CENTRE. 

Chairman. —-H. S. Ellis, 

Hon. Secretary .—G. L. Coventon, 126, London Road, 
Gloucester. 

Devon and Cornwall Sub-Centre. 

Chairman. —H. Midgley, M.Sc. 

Hon. Secretary.— F. C. Isaac, Council Offices, Plympton, 
South Devon. 

West Wales (Swansea) Sub-Centre. 

Chairman. —J. E. Dawiry. 

Hon. Secretary. —R. Richards, 78, Glanbrydan Avenue, 
Swansea. 


Hampshire Sub-Centre (directly under the Council). 
Chairman —TV. S. Lonsdale. 

Hun. Secretary. —A. G. Hiscock, c/o City of Portsmouth 
Electricity Undertaking, 111, High Street, Portsmouth, 
Hants. 

Northern Ireland Sub-Centre (directly under the Council). 

Chairman. —F. j ohnston. 

Hon. Secretary .— J. McCandless, M.Sc., Burn Brae, Strang- 
ford Avenue, Belfast. 


INFORMAL MEETINGS. 

Chairman of Committee .-— 


TRANSMISSION SECTION. 

Chairman .—S. R. Siviour. 


METER AND INSTRUMENT SECTION. 

Chairman. —Captain B. S. Cohen, O.B.E. 


WIRELESS SECTION. 

Chairman. —A. J. Gill, B.Sc.(Eng.). 


OVERSEAS COMMITTEES. 


AUSTRALIA. 

New South Wales. 

( 'hairman .—V. L. Molloy. 

Hon. Secretary. .-W. J. McCallion, M.C., c/o Electrical 

Engineers Branch, Dept, of Public Works, Sydney. 

Queensland. 

Chairman and Hon. Secretary. —J. S. Just, c/o P.O. Box 
10(J7 n, G.P.O., Brisbane. 

South Australia. 

Chairman and Hon. Secretary. —F. W. H. Wiieadon, Kelvin 
Building, North Terrace, Adelaide. 

Victoria and Tasmania. 

Chairman and lion. Secretary. —FI. R. Harper, 22-32, 
William Street, Melbourne. 

Western Australia. 

Chairman.— .J. R. W. Gardam. 

Hon. Secretary. —A. E, Lambert, B.E., 35, The Esplanade, 
South Perth. 

CEYLON. 

Chairman .— Major C. II. Brazel, M.C. 

[Ion. Secretary. —D. P. Bennett, c/o Messrs. Walker 
Sons A Co., Ltd., Colombo. 


INDIA. 

Bombay. 

Chairman. — R. G. Higham. 

Hon. Secretary .— A. L. Guilford, B.Sc,Tech., Electric.House, 
Post Fort, Bombay. 

Calcutta. 

Chairman. —F. T. Homan. 

Hon. Secretary. —D. H. P. Henderson, c/o Calcutta Electric 
Supply Corporation, Post Box 304, Calcutta. 

Lahore. 

Chairman .— Prof. T. FI. Matthewman, 

Mon. Secretary. —J. C. Brown, c/o Associated Electrical 
Industries (India) Ltd., P.O. Box 146, Lahore. 

Madras. 

Chairman and Hon. Secretary. —E. J. B. Greenwood, Elec¬ 
tricity Dept., P.W.D. Offices, Chepauk, Madras. 

NEW ZEALAND. 

Chairman. —F. T. M. Kissel, B.Sc. 

Hon. Secretary. —J. McDermott, P.O. Box 749, Welling¬ 
ton, G.l. 

SOUTH AFRICA. 

Transvaal. 

Chairman and Hon. Secretary. —W. Elsdon Dew, Box 4563, 
Johannesburg. 


ARGENTINE: R. G. Parrott, 

Aires. 

CANADA: 1 <\ A. Gaby, D.Sc., Vice-President, The British 
American Oil Co., Ltd., 14th Floor, Royal Bank Building, 
Toronto, Ontario. 

CAPE, NATAL, AND RHODESIA: G. IE Swing lee. City 
Electrical Engineer, Corporation Electricity Dept., Cape 
Town. 

FRANCE: P. M. J. Ailleret, 20, Rue Hamelin, Paris 
(Die). 

HOLLAND: A. E. R. Collette, Heemskerckstraat, 30, 

The Hague. 

INDIA: K. G. Sillar, c/o Calcutta Electric Supply Corpora¬ 
tion, Post Box 304, Calcutta. 

ITALY: L. Emanueli, Via Fabio Filzi, 21, Milan. 

JAPAN: I. Nakaiiara, No. 40, Icliigaya Tanimachi, 
Ushigomeku, Tokio. 

(Ill) 


NEW SOUTH WALES: V, J. F. Brain, B.E., Chief Electrical 
Engineer, Department of Public Works, Bridge Street, 
Sydney. 

NEW ZEALAND: J. McDermott, P.O. Box 749, Welling¬ 
ton, C.L 

QUEENSLAND: J. S. Just, c/o P.O. Box L0S7n, G.P.O., 
Brisbane. 

SOUTH AUSTRALIA: F. W. H. Wheadon, Kelvin Building, 
North Terrace, Adelaide. 

TRANSVAAL: W. Elsdon Dew, Box 4563, Johannesburg. 

UNITED STATES OF AMERICA: Gano Dunn, c/o The 
J. G. White Engineering Corporation, 80, Broad Street, 
New York, N.Y. 

VICTORIA AND TASMANIA: FI. R. Harper, 22-23, William 
Street, Melbourne. 

WESTERN AUSTRALIA: Prof. P. FI. Fraenkel, B.E., 
The University of Western Australia, Crawley, Perth. 


LOCAL HONORARY SECRETARIES ABROAD. 

Tucuman 117, Buenos 





LONDON. 

Chairman. —P. H, Pettifor. 

Hon. Secretary. —A. H. Young, “ Park View, 

Road, Roehampton, S.W.15. 

NORTH-WESTERN. 

Chairman. —R. Noonan. 

Hon. Secretary. —R. M. A. Smith, Meter Engineering 
Dept., Metropolitan-Vickers Electrical Co., Ltd., 
Trafford Park, Manchester, 17. 

SCOTTISH. 

Chairman. —J. Brown. 

lion. Secretary. —G. H. Wire, c/o Mrs. Cormie, 8, 
Townhead Terrace, Paisley. 

NORTH-EASTERN. 

Chairman .— F. M. Bruce. 

Hon. Secretary. —j. A. Stanfield, 44, Shipley Avenue, 
Milvain, Newcastle-on-Tyne. 


MERSEY AND NORTH WALES (LIVERPOOL). 

Chairman. —T. E. A. Verity, B.Sc.Tecli. 

Hon. Secretary. —W. H. Penley, B.Eng., Laboratories 
of Applied Electricity, The University, Liverpool, 3. 

SOUTH MIDLAND. 

Chairman .— J. E. Woollaston. 

lion. Secretary. —B. S. Copson, 88, Reservoir Road, 
Olton, Birmingham. 

NORTH MIDLAND. , 

Chairman .— A. H. Marsh. 

Hon. Secretary .— G. LI. Warne, 6, Parldield Road, 
Shipley, Yorkshire. 

SHEFFIELD. 

Chairman. — H. A. Wainwrigiit, B.Eng. 

Hon. Secretary. — C. C. Hall, 4, Meadow Head Avenue, 
Woodseats, Sheffield, 8. 


BRISTOL. 

Chairman .— W. LI. Small. 

Hon. Secretary .—J. W. Dorrinton, 20, Trelawney Road, Gotham, Bristol, 6. 


STUDENTS’ SECTIONS, 

” Alton 


THE I.E.E. BENEVOLENT FUND. 


THE COUNCIL HAVE KINDLY GRANTED THE USE OF- THIS 
SPACE IN ORDER THAT THE BENEVOLENT FUND MAY BE 
BROUGHT MORE EFFECTIVELY TO THE NOTICE OF THE 

MEMBERS OF THE INSTITUTION. 

The object of the Fund is: “To afford assistance to 
necessitous members and former members (of any class) 
of The Institution of Electrical Engineers who have paid 
their subscriptions for at least five years consecutively or 
compounded therefor, and to the dependants of such 
members or former members.” 

Subscriptions and Donations should be addressed to 

THE HONORARY SECRETARY, THE BENEVOLENT FUND, 

THE INSTITUTION OF ELECTRICAL ENGINEERS, 

SAVOY PLACE, W.C.2. 


LOCAL HON . TREASURERS OF THE FUND. 


lush Centre: T. J. Monaghan. North-Eastern Centre: N. Cressweli North r , / 

^ Sbeheld Sub-Centre: W. E. Burnand. North-Western Centre: T. E. Herbert Nhru> 

and hot th W ales { Liverpool ) Centre: A. C. Livesey. Scottish Centre: (G/asmn) A Lindsay - CfAh, f 

Sep I Lt ! c' Ce ,TS w P S ILIP ' ***** G »*% Y . aEbrson UFct 
{Hr is to l) L. P. Knill , {Cardiff) J. W. Elliott. Hampshire Sub-Centre: W. P. Conly, M.Sc. 
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